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Because of the problems associated with increase of greenhouse gases, as well as the limited
supplies of fossil fuels, the transition to alternate, clean, renewable sources of energy is
inevitable. Renewable sources of energy can be used to decrease our need for fossil fuels, thus
reducing impact to humans, other species and their habitats. The wind is one of the cleanest
forms of energy, and it can be an excellent candidate for producing electrical energy in a more
sustainable manner. Vertical- and Horizontal-Axis Wind Turbines (VAWT and HAWT) are two
common devices used for harvesting electrical energy from the wind.
Due to the development of a thin boundary layer over the ground surface, the modern
commercial wind turbines have to be relatively large to be cost-effective. Because of the high
manufacturing and transportation costs of the wind turbine components, it is necessary to
evaluate the design and predict the performance of the turbine prior to shipping it to the site,
where it is to be installed. Computational Fluid Dynamics (CFD) has proven to be a simple,
cheap and yet relatively accurate tool for prediction of wind turbine performance, where the
suitability of different designs can be evaluated at a low cost. High accuracy simulation methods
such as Large Eddy Simulation (LES) and Detached Eddy Simulation (DES) are developed and
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utilized in the past decades. Despite their superior importance in large fluid domains, they fail to
make very accurate predictions near the solid surfaces. Therefore, in the present effort, the
possibility of improving near-wall predictions of CFD simulations in the near-wall region by
using a modified turbulence model is also thoroughly investigated. Algebraic Stress Model
(ASM) is employed in conjunction with Detached Eddy Simulation (DES) to improve Reynolds
stresses components, and consequently predictions of the near-wall velocities and surface
pressure distributions. The proposed model shows a slightly better performance as compared to
the baseline DES.
In the second part of this study, the focus is on improving the aerodynamic performance of
airfoils and wind turbines in terms of lift and drag coefficients and power generation. One special
type of add-on feature for wind turbines and airfoils, i.e., leading-edge slots are investigated
through numerical simulation and laboratory experiments. Although similar slots are designed
and employed for aircrafts, a special slot with a reversed flow direction is drilled in the leading
edge of a sample wind turbine airfoil to study its influence on the aerodynamic performance.
The objective is to vary the five main geometrical parameters of slot and characterize the
performance improvement of the new design under different operating conditions. A number of
Design of Experiment and optimization studies are conducted to determine the most suitable slot
configuration to maximize the lift or lift-over-drag ratio. Results indicate that proper sizing and
placement of slot can improve the lift coefficient, while it has negligible negative impact on the
drag. Some recommendations for future investigation on slot are proposed at the end. The
performance of a horizontal axis wind turbine blade equipped with leading-edge slot is also
studied, and it is concluded that slotted blades can generate about 10% more power than solid
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blades, for the two operating conditions investigated. The good agreement between the CFD
predictions and experimental data confirms the validity of the model and results.
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Chapter 1 Introduction and Background
1.1 Renewable Energy
Because of the problems associated with an increase of greenhouse gases, as well as the
limited supplies of fossil fuels, the transition to alternate, clean, renewable sources of energy
seems inevitable. Renewable sources of energy can be used to decrease our need for fossil fuels,
thus reducing impact to humans, other species and their habitats. The government of United
Kingdom has set a target to produce 15% of the UK's energy from renewable energy sources by
2020 and cut the country's carbon emissions by 34% by 2020 (Uswitch, 2015). The United States
government also has a national renewable energy target of 20% by 2020 (Wikipedia, 2017). The
most common forms of renewable energy are wind, solar, hydroelectric, and geothermal,
although utilization of biomass, e.g., chicken manure (Hussein et al., 2017), and tidal wave
(Börner and Alam, 2015) for energy production has been investigated as well.
Solar energy development has been primarily limited to countries with suitable space,
climate and financial resources such as Mediterranean countries, India, Spain and the United
States. There are two common methods for electricity generation from the sun. One is through
using solar panels equipped with photovoltaic (PV) cells, and the other is by employing solar
thermal power plants. In the former approach, PV cells are used to convert directly sunlight to
electricity. In the latter form, a large number of mirrors or lenses are utilized to concentrate a
large area of sunlight, onto a small area. Electricity is generated when the concentrated rays of
light are converted to heat, which can subsequently drive a steam turbine, connected to an
electrical power generator or initiate a thermo-chemical reaction.
Overall, wind energy can be a great candidate for producing electrical energy in a more
sustainable and renewable manner. Unlike the systems operating with fossil fuels, or even some
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of the other forms of renewable energy, there is no need for extensive sources of water for
system heat rejection when wind energy is utilized for power generation.

1.2 Wind Energy
Wind turbines are the oldest devices to capture wind energy on land. Traditionally, they have
been used in irrigation systems, as well as in wind mills. One of the first wind mills built was in
the province of Sistan (Persia) between the 7th and the 9th century A.D., where vertical axis wind
turbines were used (Hanson, 2008); see Figure 1a. The use of windmills successively grew in
Middle East, Asia, and Europe for grinding corn and other grains, and for water pumping
systems. The first horizontal axis wind turbines were made in Europe in the 12th century (Schito,
2011). Wind turbines proved to be real alternatives for watermills that were on the rivers, and
were typically properties of nobility.

(a)

(b)

Figure 1 (a) sketch of an ancient Persian windmill (Sistan; southeast of Iran). Ref.:

http://www.mksenergy.com/images/MKS/pic/wi1.jpg, (b) Danish wind turbine by la Cour. Ref.: https://s-mediacache-ak0.pinimg.com/736x/c8/dd/d8/c8ddd8ffb2417252452b59a8cf22aedf.jpg

Using wind turbines to generate electricity was first realized in late 19th century. The first
modern wind turbine was constructed in Scotland in 1887 by Prof. James Blyth and was used to
provide the electrical illumination to his cottage. One year later, Charles F. Brush (Cleveland,
OH) implemented a wind turbine with an approximate rotor diameter of 17m and with 144
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blades producing 12kW (Leung and Yang, 2012). Around the same time, Poul la Cour
(Denmark) built one of the first electricity generating wind turbine prototypes in Europe (Figure
1b). For much of the 20th century, there were only a few attempts on construction and use of
wind turbines for power generation. Some of the notable developments were the 1250 kW
Smith-Putnam turbine (USA, 1941), the 100 kW, 30m diameter Balaclava wind turbine (then
USSR, 1931), and the Andrea Enfield 100 kW, 24m diameter pneumatic turbine designed in the
early 1950s in the UK (Burton et al., 2011). A good summary of the history of the early wind
turbine development is provided in the literature (Shepherd, 1994; Divone, 1994).
Small size wind turbines were widely produced for fuel saving and farm application until
1973, when the price of oil rose dramatically, and drew world’s attention to pursuing alternative
energy sources. The sudden increase of oil price gave rise to development of several government
-funded research and development programs around the world, one of each led to design and
construction of a 38m diameter 100 kW prototype in 1975 and a 97.5 m diameter 2.5 MW one in
1987. An interested reader is referred to the Wind Energy handbook (Burton et al., 2011), where
a summary of the wind turbine development history in the last two decades of the 20th century is
provided (Figure 2).

Figure 2 a modern 10MW offshore wind turbine. Ref.: www.Google.com/imghp
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In early 21st century, the issues such as carbon footprint, climate change, shrinkage of fossil
fuel resources, and finally energy market security have drawn attentions to renewable energies
more than ever. The wind energy has been growing with an average rate of around 30% per year
since 2003, and the offshore wind turbines and wind farms are being designed and deployed
extensively as well (Nelson, 2000). It was announced by the European Union in 2007 that 20%
of all energy should be from renewable sources by 2020. Due the difficulty of using renewable
energy for transport and heat, this means that around 30-40% of the electrical energy should be
provided by the renewable sources such as wind energy, as one of the cleanest forms of energy.
The Fukushima nuclear power plant disaster in 2011 was another motivation for using wind
energy. The research towards reduction of fossil-fuel energy and greenhouse gases continues to
grow, and there are many countries with the objective of reducing carbon footprint by as much as
80% by 2050 (Burton et al., 2011).

1.3 Computational vs. Experimental Research
Because of the fluid mechanics principles, as large bodies of air flow over any terrain, a thin
boundary layer is formed in the vicinity of the ground surface that leads to a significant drop of
the air velocity. It is only outside this near-ground boundary layer, where the air speed is large
enough to be suitable for power generation. Therefore, commercial wind turbines should operate
at very high elevations, so that they are exposed to higher air speeds, and can generate more
power. Modern commercial wind turbine blades are as large as 80 m in length. Because of the
high manufacturing and transportation costs of the wind turbine components, it is necessary to
evaluate the design and predict the performance of the turbine prior to shipping it to the site,
where it is to be installed.
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One of the common approaches for initial testing of wind turbines is to fabricate a small
prototype of the blade, and conduct a set of experiments in a closed- or open-loop wind tunnel.
The performance of wind turbines with different design features can be monitored and analyzed
while running under different operating conditions, such as the angle of attack (from now on
shown as AoA), incoming air speed, etc. The test section size of academic-level and industriallevel wind tunnels can be as small as few centimeters, or as large as 10’s of meters. Many
researchers are currently conducting wind tunnel experiments, including but not limited to
National Aeronautics and Space Administration (NASA) (Broeren et al., 2011; etc.), Boeing
(Lynch and Khodadoust, 2001; etc.) as well as several research centers and universities around
the globe, such as Iowa State University (Hu and Zhang, 2008; Liu et al., 2015; etc.), Saint
Anthony Falls Laboratory at the University of Minnesota (Chamorro et al., 2014; etc.), Delft
University, etc. Despite all the benefits of wind tunnel studies, there are some limitations
associated with any experimental study mimicking the real behavior of commercial wind
turbines. First, evaluation of various design features could be very time consuming. If one is to
study the impact of the geometrical parameters such as blade aspect ratio, trailing edge tubercle
size, winglet angle, etc. on overall power generation, they would need to manufacture blades
with so many different configurations, and test them individually. It may be very costly to cover
the influence of a wide range of involving parameters for the purpose of finding the most
optimum design.
The second drawback is regarding the presence of solid walls. A wind tunnel is generally an
enclosure, where the walls and ceiling impact the flow physics around the blade. Therefore, this
cannot be a perfect representation of the external flow condition observed for commercial wind
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turbine applications. Moreover, it is typically hard to control the level of turbulence intensity of
the incoming air flow.
Computer simulations, on the other hand, do not suffer from the aforementioned limitations,
and therefore can be considered as good tools for performing any optimization or parametric
study, where certain parameters are adjusted, and the impact on response variables is evaluated.
One will have full control on the imposed incoming flow conditions, as well as the boundary
conditions in all the surfaces. Note that the reliability of any numerical simulation is always
contingent upon a successful experimental validation. That means for at least one baseline case,
one needs to compare the results of the numerical simulation with those obtained from an
accurate experiment conducted at a similar operating condition. If the agreement between the
two sets of data is acceptable, then one can proceed with numerical simulation.
Computational Fluid Dynamics (CFD) is the primary framework of the present study. Two
problems are investigated here, one is regarding the suitability of a novel turbulence model to be
used for analysis of flow around wind turbines, and the other one is examination of a novel addon design feature, i.e., leading-edge slot, for performance improvement of airfoils used in
horizontal-axis wind turbine (HAWT) blades, as well as other applications. A typical CFD
procedure for modeling and analysis of a thermo-fluid system is demonstrated in Figure 3. The
same steps are followed in the present study.
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Figure 3 A brief flowchart for typical CFD procedures (Xie, 2012)

1.4 Overview of the Problems Investigated
1.4.1 CFD Using a Hybrid LES-RANS Technique
In order to conduct a CFD study for a turbulent flow system, we have to choose a proper
turbulence model. Several turbulence models are proposed and available in the literature, which
are different in terms of accuracy and computational demands. Here, suitability of a particular
turbulence model is studied for a solid wind turbine blade and a limited-span airfoil.
The most accurate and computationally intensive method for turbulence treatment is Direct
Numerical Simulation (DNS). In this approach, the Navier–Stokes equations are numerically
solved without any additional turbulence model used. This means that the entire range of spatial
and temporal scales of the turbulence must be resolved. All the spatial scales of the turbulence
must be resolved in the computational domain, from the smallest dissipative scales, up to the
integral scale (Pope, 2000). As an estimate, the number of operations required to complete the
simulation is proportional to the number of mesh elements and the number of time steps, and it
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has been shown that the number of operations grows as Re3. Therefore, the computational cost of
DNS is very high, even at relatively low Reynolds (Re) numbers.
For the Reynolds numbers encountered in most industrial applications, the computational
resources required by a DNS would exceed the capacity of the powerful computers currently
available. However, direct numerical simulation is a useful tool in fundamental research in
turbulence. Using DNS, it is possible to perform numerical experiments, and extract from them
information difficult or impossible to obtain in the laboratory, allowing a better understanding of
the physics of turbulence.
On the other end of the spectrum of the turbulence models are Reynolds-averaged Navier–
Stokes (RANS) equations. The idea behind the equations is Reynolds decomposition, where an
instantaneous quantity is decomposed into its time-averaged and fluctuating quantities (Pope,
2000). This idea was first proposed by Osborne Reynolds (Reynolds, 1985). In RANS equations,
the turbulent flow is modeled using certain closure formula, instead of directly resolving them.
Different RANS models exist and they use different techniques to calculate Reynolds stress (RS)
components. One general drawback of RANS models is that they are typically very case
dependent, which means the parameters of the models must be optimized and validated for
specific configurations of turbulent flows, and should be used with caution in general-purpose
applications. Another very important concern is that in turbulent flows, the behavior of larger
eddies is significantly different than smaller eddies. But RANS models cannot distinguish
between the size differences of eddies, and that can result in inaccuracies in flow predictions.
Understanding the limitations of both DNS and RANS models, researchers have proposed a
somewhat middle-ground simulation technique, knows as Large Eddy Simulation (LES). It was
first proposed in 1963 (Smagorinsky, 1963) for simulation of atmospheric air currents. Since
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then, LES has grown rapidly and it is currently used for a wide variety of engineering
applications, including combustion (Pitsch, 2006), acoustics (Wagner et al., 2007), Wind energy
(Sarlak Chivaee, 2014), etc. LES operates based on the low-pass filtering principle and it is
applied on the Navier–Stokes equations to reduce the range of length scales of the solution, and
hence, reducing the computational cost. LES resolves large scales of the flow field solution
allowing better fidelity than RANS, whereas it uses models to resolve smallest scales of
turbulence. This makes LES an appealing method for practical engineering applications and
those with complex geometry or flow configurations.
Despite its benefits, the predictions of LES in the near-solid-wall region (where the smallest
eddies are present) can be only as good as the closure model employed in this region. Reynolds
Stress Model (RSM) is one of the complex RANS-based approaches, in which the Reynolds
stresses are obtained by solving partial differential equations, as opposed to other models that are
based on Boussinesq approximation (Pope, 2000).
RSM, however, is more time-consuming than other RANS-based models, and therefore it is
desired to find an alternate turbulence model to be used in conjunction with LES. A modified
version of RSM, known as Algebraic Stress Model (ASM), is defined in order to be used in a
hybrid LES-RANS formulation. Different variants of Implicit ASM (IASM) as well as explicit
ASM (EASM) are considered. The ASM formulation is first demonstrated for a simple twodimensional problem of flow over a flat plate (Amano and Beyhaghi, 2015), then some of the
appropriate ASM schemes will be used for a problem of turbulent flow over a HAWT blade
(Beyhaghi and Amano, 2015). After the framework is successfully developed and tested, this
model is used in conjunction with DES (which is a well-known hybrid LES-RANS scheme), and
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the resultant model is used for the analysis of flow around a limited-span airfoil at two distinct
angles of attack.
1.4.2 Improving Aerodynamic Performance using Slots
Although HAWTs have proven to be very useful for generating electrical energy, they suffer
from some limitations, such as the Betz limit, which confines the efficiency of turbines to around
59% (Burton et al., 2011). A great deal of research has been aimed at finding ways to increase
the power generation from turbines. One common approach is to optimize the geometric shape of
the airfoil used at each spanwise location. The focus has mainly been on adjusting airfoil type,
shape, size, and twist angle. Both computational and experimental techniques have been
extensively used for this purpose. Researchers have also considered using add-on features on the
blades, to change the flow pattern around the blade, possibly decrease drag and increase lift, and
ultimately increase the overall power generation. Some of the more common features are winglet
at the tip of the blades (Johansen and Sorensen, 2006), small riblets in the form of sawtooth, etc.
(Martin and Bhushan, 2014; Bixler and Bhushan, 2013), vortex generators (VGs) (Troldborg et
al., 2015; Gao et al., 2015; Mueller-Vahl et al., 2012; Velte, 2009; Lin, 2002), etc. All of the
methods above have shown to be contributing to some percentage of increase in power
generation, and they can all be studied separately. Some of the important issues to consider are
manufacturability, durability, ease of installation, and side effects, such as drag penalty and
additional fatigue loads.
In the present work, the performance of a cambered airfoil equipped with leading-edge slots
is investigated thoroughly. Different types of slots have been used on aircraft wings. Based on
the recent encouraging results (Alsultan, 2015), the idea of using a modified form of spanwise
slots for airfoils is investigated in more details. Such slots are drilled near the leading edge of the
airfoil, in order to re-route some of the air flow passing from the bottom portion of the airfoil,
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and generate higher upward force, known as lift. After an initial validation, a set of parametric
studies on multiple design variables of slots is conducted, where the lift coefficient or lift-overdrag ratio is maximized. Slots are then drilled inside wind turbine blades, and simulations are
conducted to study their effectiveness.
1.4.3 Summary of Objectives
Based on what described in the previous sub-sections, the two main objectives of this
dissertation can be summarized as follows:
(1) The first objective (chapters 3 and 4) is to investigate whether combination of DES (which is
a readily-hybrid LES-RANS simulation method) with a modified version of RSM (known as
ASM) could improve the detailed flow predictions in the vicinity of the solid surfaces of a
streamlined body. Note that RSM is the most comprehensive RANS-based turbulence model,
and ASM is a modified version of RSM that is customized for the near-wall region, and is
not as computationally expensive.
(2) The second objective (chapters 5, 6, and 7) is to study the feasibility of improving the
aerodynamic performance (lift and lift-over-drag ratio) of a common cambered airfoil and
power generation of a three-blade HAWT by designing and deploying a novel add-on device,
known as leading-edge slots. The effectiveness of such slots and the extent of their offering
improvement is to be characterized at different operating conditions, e.g., at several angles of
attack (covering the entire range of operation), and few different Reynolds numbers. To do
so, five main geometrical design parameters are identified and investigated in single-variable
and multi-variable fashions.
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Chapter 2 Theory
2.1 HAWT Aerodynamics
Wind turbines can be categorized as horizontal axis (HAWT) and vertical axis (VAWT).
While each design has its advantages and disadvantages, the attention is limited to HAWTs in
the present study. The main rotor shaft and electrical generator of HAWTs are located at the top
of a tower, and must be pointed into the wind. Large commercial turbines use a wind sensor
coupled with a servo motor. Most of them have a gearbox that can increase the rotation speed
and, therefore, make it more suitable to drive an electrical generator.
As far as the operation is concerned, wind turbine blades are very similar to aircraft wings, as
they both operate based on the same aerodynamic principles, and both have similar profile
shapes, known as airfoils. As the air flow approaches the airfoil, it is separated into two main
streams, one flowing from the bottom (known as the pressure side), and one flowing over the top
surface of the airfoil (known as the suction side). The latter stream experiences an increase in
main velocity due to the Bernoulli’s principle, which in turn results in pressure reduction.
Because of the pressure differential between the suction and pressure sides, there will be a net
“upward” force exerted on the airfoil from the bottom. This force is referred to as Lift. Another
significant force is generated as a result of the resistance of the airfoil against the air flow. This
force is called Drag, and is more important in aircraft (due to its direct impact on fuel
consumption) and less significant for wind turbine applications. Lift and drag are dependent on
several parameters, such as the incoming airflow velocity, air properties, and, of course, AoA. A
schematic diagram of an airfoil with lift and drag forces is shown in Figure 4. These forces are
briefly described in the next sub-section.
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Figure 4 Force vectors on an airfoil (AvStop, 2015)

2.1.1 Coefficients of Lift, Drag, and Moment
Drag and lift are the main forces exerted on rotating wind turbine blades, whereas the
pitching moment is normally present as well. Lift is the force used to overcome gravity on
aircraft wings (Hansen, 2008) and is defined to be perpendicular to the direction of the oncoming
airflow. It is formed as a result of the unequal pressure on the upper and lower airfoil surfaces.
The drag force is defined as a force parallel to the direction of oncoming airflow. The drag force
is due both to viscous friction forces at the surface of the airfoil, and to the unequal pressure on
the airfoil surfaces facing toward and away from the oncoming flow. For an airfoil, Hansen
(2008) stated that the lift to drag ratio should be maximized, in order to improve the efficiency
when wind turbine generates electricity. Dimensionless lift and drag coefficients are defined as
follows:
CL =
CD =

L
1 2 ρ u∞2 A
D
2
1 2 ρ u∞
A

(2.1)
(2.2)

where ρ is the air density and A is the planform area of the airfoil. Unit for the lift (L) and drag
(D) in equations above is force (in N). It is also necessary to know the pitching moment M. The
pitching moment on an airfoil is the moment produced by the aerodynamic force on the airfoil if
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that aerodynamic force is applied at the aerodynamic center of the airfoil. The pitching moment
coefficient is defined as
CM =

M
2 2
1 2 ρu∞
c

(2.3)

2.1.2 Tip Speed Ratio
The tip speed ratio (TSR) is the ratio of the blade tip speed over the wind speed. It is a significant
parameter for wind turbine design and is defined as
λ=

ωR

(2.4)

u∞

where ωis the angular velocity of the wind turbine rotor, R is the radius of the rotor (or: blade
length) and u∞ is the main component of the incoming wind velocity. A higher TSR indicates a
higher efficiency but is also related to higher noise levels. Usually a low-speed wind turbine
chooses value of TSR from 1 to 4 and a high-speed wind turbine chooses its value from 5 to 9.
As a preliminary design consideration, the best range of tip speed ratios for a high speed turbine
is around 6~7 (Burton et al., 2011), which ensures that the wind turbine can run at near
maximum power coefficient.
2.1.3 Betz Limit
The wind turbine efficiency is defined as the ratio of coefficient of performance Cp and the
Betz limit, which is shown to be 16/27 or around 0.593. This value was concluded by the
German physicist, Albert Betz in 1919 (Burton et al., 2011). This value is the maximum power
efficiency of a wind turbine that converts the kinetic energy to mechanical energy (Figure 5).
Note that Cp is defined as follows:
Cp =

P
1
ρ Au∞3
2

where A here is the capture area of the rotor, and found as πR2.
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(2.5)

Figure 5 The efficiency of an optimum rotating wind turbine (Hansen, 2008)

2.2 Wind Turbine Effective Angle of Attack
The effective angle of attack with which air streams approach the airfoil profile at any spanwise cross section of a wind turbine blade is determined based on several parameters, including
the incoming wind velocity, the rotation rate of the blade, and the twist angle. Figure 6 shows a
three-blade HAWT, for which the velocity and force vectors are shown for a small radial
segment of the blade. In part b of the figure, r is the radial distance of the blade segment from the
centerline of the hub, a and a’ are the axial- and tangential-flow induction factors, α is the angle
of attack, φ is the angle between the vectors of the relative velocity W and the blade rotation
velocity, and finally, ω is the blade angular velocity. The effective AoA can be determined after
subtracting the local twist angle β from φ. Typically, the twist angle distribution along the blade
span is such that under the normal (design) operating condition, the effective AoA is more or less
constant throughout the blade. Since the values of a and a’ are not known a priori, determination
of the AoA involves an iterative procedure, which is outlined here:
•

Start with initial guesses for a and a’ (typically both can be set to zero)

•

Calculate the relative velocity W, φ, and finally AoA from the three equations below
2

2
W = u∞
(1 − a ) + ω2r 2 (1 + a' )

 u ∞ (1 − a ) 

W



φ = Arcsin 
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2

(2.6)
(2.7)

(2.8)
Based on the calculated AoA, calculate CL and CD from the aerodynamic performance curves
α = φ − β

•

that are available for different families of standard airfoils
•

Calculate the blade solidity σr
σr =

•

•

N c
2π r

(2.9)

Calculate the force coefficients known as Cx and Cy
C x =CL cos φ + CD sin φ

(2.10)

Cy =CL sinφ − CD cosφ

(2.11)

Based on all the known quantities, determine a and a’ again as follows:

σr 
σr
a
=
Cx −
C y2 

1 − a 4 sin 2 φ 
4 sin 2 φ


σ rCy
a'
=
1 + a' 4 sin φ cos φ
•

(2.12)

(2.13)

If the new values of a and a’ are sufficiently close to their previous guesses, STOP, and
record the most recent AoA. Otherwise, go back to the second step and repeat

‘

(a)

(b)

Figure 6 Aerodynamics of a HAWT blade: (a) 3D representation of the blade and the velocity vectors near blade,
and (b) velocity and force vectors for an infinitesimal spanwise segment of the blade (Burton et al., 2011)

Using this technique, the effective angle of attack at various spanwise locations of a rotating
wind turbine blade is determined. More details on the results of the CFD and experimental study
conducted on two wind turbines with solid and slotted blades are presented in Chapter 7.
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Chapter 3 Algebraic Stress Model
3.1 Introduction and Literature Review
Because of the fluid mechanics principles such as the development of a thin boundary layer
over the ground surface, the modern commercial wind turbines have to be relatively large to be
cost-effective. Currently, wind turbine blades as large as 80 m in length are manufactured and
installed for commercial applications (WindPower Monthly, 2015). Some examples are Vestas
V164 8MW turbine (80 m), and Siemens SWT 3:6 120 model (75 m). Because of the high
manufacturing and transportation costs of the wind turbine components, it is necessary to
evaluate the design and predict the performance of the turbine prior to shipping it to the site,
where it is to be installed. Computational Fluid Dynamics (CFD) has proven to be a simple, and
yet relatively accurate tool for prediction of wind turbine performance, where the suitability of
different designs can be evaluated at a low cost. Total lift and drag forces can be calculated, from
which one can estimate the torque and thrust forces, which are necessary for the determination of
turbine power output, and dynamic (fatigue) loads.
Large Eddy Simulation (LES) is one of the most suitable turbulence treatment techniques.
However, despite its superior behavior in the bulk fluid region, LES typically cannot make
accurate predictions near the solid surfaces, unless the grid resolution is extremely fine. The
hybrid schemes were introduced in order to overcome one of the main disadvantages of LES for
wall-bounded turbulent flows. For a wall-bounded turbulent flow, the demand of fine grid
resolution is great, especially in the vicinity of the walls for a high Re flow. Therefore, the hybrid
LES-RANS strategies reduce the demand for fine grid resolution at the wall region. This can be
achieved by using a RANS model at the wall region, while for the outer region, an LES approach
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is adopted. Thus, the near wall turbulence is modeled instead of being fully resolved, and
therefore, a relatively coarser grid may be used.
To form a hybrid LES-RANS model, there are at least two methods considered in the
literature. In the first category, known as two-layer methods, LES is applied in a core region,
while another set of equations is separately solved on a finer grid embedded between the edge of
the core region and the wall surface. In the second category, known as Detached Eddy
Simulation (DES), a single grid system is used to calculate the flow field, where the turbulence
model changes from RANS in the near-wall region to LES in the core region (Abe, 2005). While
there are several publications devoted to studying each methodology, there are not many studies
handling the near-wall anisotropy of turbulence in a hybrid LES-RANS model. In fact, it is more
common to adopt a linear eddy-viscosity model (LEVM), which is incapable of predicting the
near-wall anisotropy correctly. This can be a serious concern when modeling complex flow
conditions.
To address this problem, LES is combined with a customized form of RSM near the solid
surfaces, in the present effort. RSM is a well-known RANS turbulence model, which is more
accurate than eddy viscosity models. However, because of the presence of the additional
governing equations to solve, this method requires a much higher computational cost. Therefore,
in the present work, to improve LES predictions in the near-wall region, a modified version of
RSM, known as the Algebraic Stress Model (ASM) is utilized for estimation of the RS
component in the near-wall regions. Thus found Reynolds stresses will then be used to improve
the predictions for flow quantities. Away from the blade wall, LES methodology is employed.
ASM is considered as a simplified version of RSM, which is obtained by eliminating the
transport terms, and using a set of the algebraic energy equation. Explicit ASM (EASM) is

18

typically easy to implement for boundary layer flows. EASM are characterized by less
computational demands and higher accuracy compared to linear eddy-viscosity models. First
attempt for the derivation of EASM was done for two-dimensional flows (Pope, 1975), and it
was later extended and modified for 3-D configurations (Gatski and Speziale, 1993; Jongen and
Gatski, 1998). The mathematical equations of EASM are briefly reviewed in several other
publications (Hellsten and Wallin, 2009; Alfonsi, 2009; etc.). A summary of the published work
on ASM and hybrid models is presented here.
The ASM formulation has been used for aerodynamic applications only in a few
publications. In one effort (Franke et al., 2005), two different explicit ASM techniques are used
for assessment of flow in a variety of configurations in subsonic and transonic steady-state flows,
including 2D airfoils and 3D aircraft wings. The first model is that of Wallin and Johansson
(Wallin and Johansson, 2000), which is based on a recalibrated version of the so-called LRR
model (Launder et al., 1975), and a fully explicit and self-consistent algebraic formulation is
derived. The second model considered employs a less complex approach and is first suggested in
1999 (Rung et al., 1999). This model is based on the original EASM and uses linear truncation to
define the relationship between the generation and dissipation terms (Gatski and Speziale, 1993).
The validation studies carried out demonstrate the capabilities of the EASM models investigated.
It is shown that the ERSM gives better results than some other RANS-based turbulence models
such as the k-ω SST approach.
The anisotropy of turbulence in wind turbine wakes is also investigated numerically (GomezElvira et al., 2005). A simplified explicit ASM, based on the formulation proposed in 1992
(Taulbee, 1992) is employed only in the wake region of the wind turbine (and not near the
blades) and the results have shown to be in good agreement with experimental observations. The
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turbulence nature becomes more isotropic as the center of the wake is approached. As a future
work, it is suggested to perform LES to improve predictions.
Most of other investigations on ASM or hybrid LES-RANS are focused on flow around nonairfoil geometries. For instance, a family of EASMs is proposed for both Reynolds stresses and
passive scalar fluxes (Ferrand and Violeau, 2012). For a steady closed channel flow, results are
compared against DNS, and it is shown that the EASM can predict the anisotropy tensor when
considering the near-wall effects. Results of the proposed model are then compared against the
observations from an experiment on a heated cylinder with temperature variations. It is finally
claimed that the proposed model can be applied to other simple 2D geometries in the presence of
passive scalars.
Along with several other turbulence models, ASM is briefly reviewed in a recent study
(Argyropoulos and Markatos, 2015). The more recent forms of the pressure strain terms
proposed in the literature are addressed. It is indicated that Main disadvantages of DSM
(Differential Second-Moment) are the difficulty in the modeling of more terms in the turbulence
equations and the increased demand on computer resources. The new generation of DSM
closure models have solved most of the above-mentioned difficulties, but the computational
demands are roughly twice as large as those for the two-equation models, for high-Re number
flows using wall functions.
To the best of the author’s knowledge, a hybrid LES-ASM turbulence model has only been
investigated a few times in the past. A hybrid LES-RANS approach using an algebraic
turbulence model is investigated (Abe, 2005). An advanced nonlinear eddy-viscosity model is
utilized in order to resolve better the near-wall stress anisotropy for a fully-developed plane
channel flow problem. It is shown that the accuracy of the Reynolds stresses predicted in the
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near-wall region is improved using the proposed model. In the meantime, it is suggested that
some improvements are needed for the predictive performance of the model for complex high Re
turbulent flows involving separation, which is typical for wind turbine applications. The same
methodology is used in another effort by the same author (Abe, 2014), where the switching point
between RANS and LES schemes is identified. This model is exemplified using problems of
fully developed channel flow as well as a periodic hill flow, with various grid resolutions and at
various Reynolds numbers.
A hybrid turbulence model of Explicit ASM with LES approach is suggested and tested
(Jaffrézic, Breuer, 2008). It is concluded that EARSM accounts for the strong anisotropy of the
Reynolds stresses found in the vicinity of the wall and thus involves a better physical
background. Especially the plane channel flow test case but also the hill flow case have proven
that the prediction of the Reynolds stresses is significantly improved by the EARSM used in the
near-wall RANS zone.
Even though ASM has been employed in several publications to investigate a wide variety of
applications (Gomez and Girimaji, 2014; Weinmann et al., 2014; etc.), it has never been
combined with LES or DES for a wind turbine application. The comparison of implicit and
explicit ASMs with RSM has also rarely been considered. In the present effort, we start with
employing ASM formulation to a two-dimensional problem, where the incompressible air flow
passes over a flat plate, and the zero-pressure-gradient boundary layer is formed. Different
variations of implicit ASM and one explicit ASM are examined, and results are compared in
terms of accuracy and the computational cost. The results of this initial study help us to get an
idea of the appropriate ASM models. After conducting that first study, the same methodology is
used to analyze flow over wind turbine blades using ASM technique.
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The objective of this study is two-fold. Primarily, it is desired to see if it is possible to
replicate the near-wall Reynolds stresses by employing a relatively less computationally
intensive approach, such as different versions of ASM. The second, more important objective is
to find out the effects of thus obtained Reynolds stresses on the flow predictions near the solid
surface. To do so, the results of baseline DES model is augmented with the flow quantities
obtained by ASM.
The numerical simulation procedure for both 2D flat plate (plate) and wind turbine blade
(blade) problems is described in more details in section 3.4, and the details of the hybrid DESASM model is left to the next chapter of this dissertation.

3.2 Theory
3.2.1 ASM Formulation Development
The governing equation for turbulent flow can be described in terms of the mean quantities and
fluctuating velocities. The continuity and momentum equations can be written as
(3.1)

∇Ui = 0

∂U i ∂U iU j
1 ∂P
∂   ∂U i ∂U j
ν 
+
=−
+
+
ρ ∂xi ∂xi   ∂x j
∂t
∂x j
∂xi




 − ui u j 




(3.2)

The governing differential equation for the Reynolds stresses can be expressed in the following
compact form (Chen and Jaw, 1998):
Dui u j
Dt

2
= Dij + Pij − δij ε + Φij
3

(3.3)

The pressure strain term, Φij, is the tendency to return to the isotropicity by redistribution of
different Reynolds stress components. Each of the terms above is explained here:
∂U j

∂U i 
Pij = −  ui u k
+ u j uk

∂
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(3.5)

22

ε =ν

∂U i ∂U i
∂x j ∂x j

(3.6)

The pressure strain term is composed of three main terms, i.e., Φij,1 involving only the
fluctuating quantities, Φij,2 arising from the presence of the mean rate of strain, and Φij,w due to
the near-wall proximity effect. These three terms can be shown to be estimated as
ε
2

Φij,1 = −c1  ui u j − δij k 
3
k


Φij,2 = −

(3.7)
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(3.8)
(3.9)

The total pressure strain will be then defined as

Φij = Φij,1+Φij,2+Φij,w

(3.10)

In the equations above, k represents the turbulent kinetic energy (defined as k = uiui / 2 ), h is the
distance from the solid wall, and c1 (~1.5) and c2 (~0.4) are coefficients that are obtained
experimentally in the literature. Moreover, in the equations above, Pk represents the production
term for the kinetic energy, and is given as
Pk = −ui u j

∂U i
∂x j

(3.11)

Despite its accuracy, Eq. (3.3) is a differential equation in terms of the Reynolds stresses, and
therefore, it requires solving multiple partial differential equations concurrently. However, it can
be shown that in the vicinity of the solid wall, one can use the following approximation (Rodi,
1972):
Dui u j
Dt

− Dij =

ui u j  Dk
 ui u j
− Dk  =
( Pk − ε )
k  Dt
k


(3.12)

and therefore, rewrite Eq. (3.3) as
ui u j
k

( Pk − ε ) = Pij −

2
δij ε + Φij
3
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(3.13)

which is an algebraic equation for the Reynolds stress components, and hence, this is called the
governing equation for Algebraic Stress Model (ASM) due to its nature, which is free of the
convection terms. Partial derivatives of u i u i terms are no longer involved. Since k, diffusion
term, and production terms all include more than one Reynolds stress components, Eq. (3.13)
cannot be solved explicitly for a given ui u j , but the 3-D system of the algebraic equations for the
six Reynolds stress components needs to be solved simultaneously. Note the mean velocity
gradients should be readily available before proceeding with ASM. This requires the flow field
to be solved beforehand with possibly a less complex turbulence model.
3.2.2 Different Versions of ASM
Equation (3.10) is one of the most comprehensive representations of the pressure-strain term.
There are several other models reported in the literature for inclusion of the pressure strain effect
in the Reynolds stress equation. In one of the common approximations, it is assumed that the first
group in the right-hand side of Eq. (3.8) is the dominant term, and therefore, next two terms are
dropped, and the coefficient group –(c2+8)/11 is adjusted accordingly. This method is called
compact Φij,2 and is expressed as (Launder et al., 1975):
Compact Φij,2:



2
3



Φij,2 = −γ  Pij − δij Pk  with γ =0.6




(3.14)

The next approximation is made by completely ignoring the wall proximity effects. Since one
of the main assumptions in the derivation of ASM formulation is specifically valid for the near
wall region – see Eq. (3.12) – it is unlikely that the elimination of wall effects can result in
accurate predictions. In this case, the pressure strain term will be used as the summation of the
first two contributing terms:
No wall effect:

Φij = Φij,1+Φij,2
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(3.15)

The next possible ASM formulation is regarding the treatment of the wall function. The term
k1.5/(εh) on the right-hand side of Eq. (3.9) can be shown to be equivalent to l/h, where l can be
interpreted as the dissipation length, k1.5/ε. According to the LRR model (Launder et al., 1975),
this term is supposed to be an arbitrary function of l/h, i.e., f (l/h), with the requirement of
vanishing as l/h approaches zero. Only for simplicity, it is set as f (l/h)=l/h, and hence Eq. (3.9) is
obtained. In general, this function can have any other form (e.g. a quasi-linear form), as long as it
goes to zero when l/h approaches zero.
Explicit ASM:
All of the variations of ASM discussed so far belong to the family of implicit methods, as it
is necessary to solve a system of equations concurrently to determine individual Reynolds
stresses. To expedite the simulation, explicit algebraic stress model (EASM) was proposed first
for two-dimensional flows (Pope, 1975), where the system of equations was transformed to an
explicit form, and therefore it was made possible to obtain individual Reynolds stresses
independently. Later, a more general form of this model was developed (Gatski and Rumsey,
2002). The final form of the resultant equation can be expressed as
uiu j
k


2
S2 
− δij = −λ1Sɶij − λ2 SɶikWɶkj + Sɶ jkWɶki + λ3  Sɶik Sɶkj − δij



3
3
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)

(3.16)

where the dimensionless strain and rotation parameters (Hanjalic and Launder, 2011) are defined
by
1 k  ∂Ui ∂U j
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Furthermore, the λ coefficients used in Eq. (3.16) can take the form of
4
3



1
2

4
3



4
3



λ1 = n  − c2  , λ2 = n2 ( 2 − c4 )  − c2  , λ3 = n2 ( 2 − c3 )  − c2 




where the parameter n is defined as
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(3.18)

n = ( c1 2 + Pk ε −1)

−1

(3.19)

and ci coefficients take the following values:
(3.20)
c1=3.6, c2=0.8, c3=1.2, c4=1.2
Finally note that more complex forms of EASM are proposed in the literature (Antonello,
and Masi, 2007; Argyropoulos, and Markatos, 2015; etc.), but the present investigation is
restricted to the simple Explicit ASM approach (Hanjalic and Launder, 2011).

3.3 Problem Description
To establish the idea of the significance of the ASM formulation, two different problems are
investigated. First, turbulent air flow over a 2D flat plate is investigated. While the ultimate goal
is to study the flow around wind turbine blades, we believe that this 2D study will provide good
insights into the benefits of employing ASM. After evaluating different ASM methods in terms
of their accuracy and computational costs, in the next steps, flow around a three-blade horizontal
axis wind turbine is analyzed.
3.3.1 Flat Plate
Figure 7 shows the domain of interest for the analysis of turbulent air flow over a 2D flat
plate. Air with the uniform velocity of 15 m/s enters the domain from the left boundary; it passes
over the plate, and then exits the domain from the right boundary. Total length of the plate and
height of the computational domain are 4m and 0.5m, respectively. The height is chosen such
that the dynamics of flow in the top boundary is not influenced by the wall boundary, and
therefore, the external flow condition can be assumed safely. Note the plate length and air speed
are chosen such that the flow condition resembles that considered in the experimental study
carried out by Klebanoff (Klebanoff, 1955), where the four Reynolds stress components are
determined at a certain distance from the leading edge, with the Reynolds number Rex of 3.2e6.
The Reynolds number based on the local length of the plate is defined as
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Rex =

ρU∞ x
µ

(3.21)

It is desired to obtain the distribution of the Reynolds stress components on a vertical line
normal to the plate using multiple ASM versions and compare the results with those found from
the fully converged RSM. The results will also be compared with Klebanoff’s data when
applicable.
U∞=15 m/s

Inlet

0.5 m
y
x

U∞=15 m/s

Rex=3.2e6

Outlet

wall
4m

Figure 7 Schematic diagram of the domain

3.3.2 Wind Turbine Blade
Figure 8a shows the computational domain for the analysis of turbulent air flow around and
over a horizontal axis wind turbine with three blades. To save computational time, only one
blade inside a 120-degree sector of the cylindrical domain is studied. Uniform air flow enters the
domain from the left boundary, it passes around the blade, and leaves the domain from the right
surface. Figure 8b shows the position of the blade inside the domain, where the normalized
distances between the blade and different sides of the computational domain are shown. The
upstream and downstream lengths of the domain were 10L and 20L, respectively, where L is the
blade length from the hub center to the tip. The radius of the cylindrical domain is set to 7.5L. It
is shown in a different study (Malloy, 2009) that such distances are large enough to guarantee
that the boundaries have negligible impact on the dynamics of flow around the blade, and
therefore, computational results are independent of the domain size. It can be then assured that
the domain is a realistic representation of an external flow. The velocity of entering air is set to 7
m/s, and the rotational speed of the blade is 2.4 rad/s. The blade airfoil profile chosen for this
study is National Advisory Committee for Aeronautics (NACA) 4412 throughout, because of its
high lift to drag ratio (~70) and its popularity in wind turbine applications.
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6L
10L

(a)

20 L

(b)

Figure 8 Computational domain for wind turbine blade study, (a) 3D representation of the gridded volume, (b) side
view with the dimensions shown relative to the blade height, L (not to the proper scale)

Figure 9a shows the blade that is generated in Pro/Engineer. The total length of the blade L is
20 m, with the maximum chord length of 3.05 m near the hub, and with the maximum twist
angle of 43.74 deg at the hub, and 0.56 deg at the tip.
pressure
outlet

velocity
inlet

blade wall

periodic

Figure 9 (a) NACA 4412 wind turbine blade with one third of the hub shown, (b) computational domain with the
BCs shown

3.4 Numerical Simulation
The algorithm and procedure used for determination of the Reynolds stresses using ASM
technique is used for both flat plate and blade problems, and is summarized as follows:
a) Solve the flow field and turbulence everywhere in the domain using the RANS based k-ε
turbulence model.
b) Store all the mean velocity gradients, as well as k and ε distribution in the areas of interest
(near the solid walls).
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c) Solve the flow field only for a few iterations to find somewhat reasonable estimates for the
Reynolds stresses, to be used as initial guesses for ASM. Alternately, some arbitrary constant
values can be used, perhaps average values from some previous simulations.
d) Solve the system of algebraic equations, Eq. (3.13), for six unknown Reynolds stresses,
u1u1 ,u1u 2 ,u1u 3 ,u 2 u 2 ,u 2 u 3 ,u 3 u3

(for the wind turbine blade problem), or four unknown Reynolds

stresses, u1u1 ,u1u2 ,u2 u2 ,u3u3 (for the 2D flat plate problem)
e) Finally, to assess the accuracy of the ASM results, solve the flow field everywhere using the
standard RSM turbulence model, and compare the results with those obtained via ASM in the
near-wall region.
The study above is only carried out to give an idea of the feasibility of using ASM, and also
the relative accuracy of the predictions with respect to either experimental or computational
(fully-converged RSM) results. The next step would be to start with either dummy or fullyconverged Reynolds stresses, and modify them using ASM formulation, and combine it with
LES or DES.
Two software packages were utilized for different parts of the present numerical simulation.
ANSYS Fluent was used for initial modeling of the flow both over the plate, and around the
wind turbine blade for determination of mean velocity gradients and turbulent energy dissipation
rate. The k-ε model was used for this purpose. Additionally, flow and turbulence were
determined using the more complex RSM model for comparison purposes. In both cases, a
pressure-based steady-state solver with segregated pressure-velocity algorithm was chosen.
Operating condition of the air was set to 25 °C and 101.3 kPa. A standard spatial discretization
was considered for pressure, while the second order upwind method was used for k, ε, and
Reynolds stresses. Convergence criteria of 1.0E-6 were chosen for continuity, three velocity
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components, k and ε equations, and all four Reynolds stress components. Note that for the wind
turbine blade problems, the Reynolds stresses were only converged down to the residuals of 1e4. A problem similar to the wind turbine blade analysis is investigated elsewhere (Amano et al.,
2013). Note that <uu>, <uv>, <uw>, <vv>, <vw>, <ww> are occasionally used in lieu of
u1u1 ,u1u2 ,u1u3 ,u2u2 ,u2u3 ,u3u3 , respectively. More details on specific settings of the two

computational studies are provided in the next two sub-sections.
Once the flow field was obtained using the chosen mesh, the parameters needed to be used as
input for the ASM formulations were stored. Those were mean velocity gradients and energy
dissipation rate. A short code was developed in MATLABTM to implement the ASM formulation
into the computational loop and solve the system of algebraic equations for the Reynolds
stresses. This software was chosen mainly due to its significant capabilities in terms of handling
large data and efficient matrix operations. Two methods considered for solving the system of
equations were the built-in fsolve function from MATLAB Optimization toolboxTM, as well as a
successive substitution routine. The computations were decided to be performed using fsolve
function since it showed a better convergence and more robust performance.
3.4.1 Model Setup and Mesh Generation: Flat Plate
Referring to Figure 7, the velocity inlet condition was imposed at the inlet boundary as well
as the top boundary, with the uniform velocity U∞ of 15 m/s normal to the inlet boundary,
turbulent intensity of 1%, and turbulent viscosity ratio of 10. Pressure-outlet condition was
imposed on the outlet surface, and the outlet gauge pressure was set to zero.
Mesh generation was carried out in ANSYS design/meshing environment. The Match control
feature was used to ensure the mesh details on the wall, and the top boundary were identical.
Moreover, the inflation feature was used to locally refine the mesh near the solid wall. The
30

growth ratio of 1.1 was used for this purpose. The height of the first row of cells adjacent to the
solid wall was chosen fine enough to ensure the y+ of around one everywhere. After completion
of all of the simulations, the y+ parameter was verified to be always in the 0.1-0.9 range along
the plate, with the average value of about 0.3. A grid independence study was carried out, where
the drag coefficient was monitored for each grid configuration chosen. The results of this study
are presented in Figure 10.

Figure 10 Results of the mesh independence study for flat plate problem

It can be seen in Figure 10 that the difference between the drag coefficient of the two cases
with the highest number of mesh elements (i.e., 50,000 and 87,000) is only about 1.5%.
Therefore, a fully structured mesh with about 50,000 quadrilateral elements was chosen for the
present study. The computational domain is shown in Figure 11a.

(a)
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(b)
Figure 11 (a) Grid chosen for the flat plate problem in the entire computational domain; and (b) Grid used in the
near blade region at a distance z=10m (z/L=0.5) from the hub

3.4.2 Model Setup and Mesh Generation: Wind Turbine Blade
Referring to Figure 9b, the velocity inlet condition was imposed at the inlet boundary as well
as the ‘top’ boundary, with the uniform velocity U∞ of 7 m/s normal to the inlet boundary,
turbulent intensity of 1%, and turbulent viscosity ratio of 10. Pressure-outlet condition was
imposed at the outlet surface, where the gauge pressure was set to 0. The two side surfaces of the
120-degree domain were assigned a periodic boundary condition (Figure 9). Moreover, a moving
reference frame function in ANSYS Fluent was considered in the calculations, in order to
implement the rotation of the domain without having to use sliding or deformable mesh. In other
words, the blade was considered stationary, and the fluid region was given a rotational velocity
component (2.4 rad/s), and periodic condition was applied to the two side boundaries.
Grid generation was again performed in ANSYS. The patch conforming algorithm was
utilized to properly couple the two periodic boundaries. Moreover, the inflation feature was used
in order to refine locally the mesh near the blade walls. The number of inflation layers was
chosen as 30, with the growth ratio of 1.2. The first cell height was chosen such that average y+
near the blade surface was around 1~2. A mesh independence study was carried out, where the
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generated power of a wind turbine with three blades was calculated each time the mesh was
refined. The following equation was used to determine the power:
Power=nTω

(3.22)

The power generated for each case is as follows:
Number of elements = 4.8 M

Power = 85.7 kW

Number of elements = 6.3 M

Power = 81.9 kW

Number of elements = 8.8 M

Power = 80.4 kW

Since the difference between the last two cases was less than 2%, the grid with 6.3 M
elements was chosen for the computational analysis. The mesh generated near the blade at the
distance of 10m from the hub (z/L=0.5) is depicted in Figure 11b.

3.5 Results and Discussions
3.5.1

Flat Plate

3.5.1.1 Velocity profiles
The first set of results investigated is the velocity profiles at two distinct distances from the
leading edge, one in the laminar region (Rex~8e4) and the other one in the fully turbulent region
(Rex~3.2e6). For the laminar region, velocity profiles are compared against two well-known
correlations from the literature, i.e., the Blasius solution, and the Karman approximate
relationship for laminar flow (White, 2011). In Blasius equation, the normalized velocity can be
found after a coordinate transformation and solving a simple ordinary differential equation. The
solution is well documented in the literature and has the form of

(

u U∞ = f ′ y U∞ ν x

)

(3.23)

Where f ’values are listed in the same reference (White, 2011). In Karman solution, it is assumed
that the velocity profile has a parabolic shape and is found as
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u U∞ = 2 y δBL + ( y δ BL )

2

for 0 ≤ y ≤ δBL ( x)

(3.24)

The boundary layer thickness can then be estimated as
δ BL
x

≈

5 .0

(3.25)

Re x1 2

The distribution of the velocity profiles in the laminar region is shown in Figure 12a. There
exists a good agreement between the velocity predictions and both of the theoretical relationships
for the near wall region, from wall up to y/δBL<0.3. For 0.3<y/δBL<0.8, Fluent slightly
underpredicts the velocities, and then above that point up to y/δBL=1, Fluent predictions lies
between those of the two models. Since the main focus of this ASM study is on the near wall
region (y/δBL<0.4), we can safely proceed with the simulations.
For the turbulent region, Prandtl’s 1/7th law describes the relationship between the velocity
component along the plate and the distance from the plate as follows (White, 2011):
1/ 7

u  y 
≈

U∞  δ BL 

,

δ BL =

0.16x
Rex1 / 7

(3.26)

As shown in Figure 12b, there is an acceptable agreement between the model velocity
predictions and those from Eq. (3.24) from wall up to y/δBL<0.4. Even though there are some
discrepancies for 0.4<y/δBL, we can proceed with the simulation as the ASM formulation is
intended to be used only for the near wall region.
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(a)
(b)
Figure 12 Distribution of the velocity component along the plate at two different regions along the plate, along with
comparison with available data from the literature, (a) laminar region, Rex=8e4, and (b) turbulent region,
Rex=3.2e6.

3.5.1.2 Reynolds stresses
It is now desired to find the distribution of the four Reynolds stress components at a certain
distance from the leading edge and compare them with the available data. For the comparison
purposes, the well-known experimental data (Klebanoff, 1955) is used, where the Reynolds
stresses normalized by the inlet velocity are reported at a position with Rex~3.2e6. The ASM
formulation described in the Theory section is used to obtain all Reynolds stress components.
Results of the most comprehensive form of the implicit ASM model, as well as the explicit
ASM, are depicted. Finally, the predictions of the fully converged RSM simulation are shown in
order to assess the accuracy of each one of the ASM models.
As shown in Figure 13, the level of agreement between the predictions of RSM, four ASM
versions, and the experimental data are different for different Reynolds stress components, and
therefore it is necessary to analyze these components separately. For the largest Reynolds stress
component <uu>, the implicit formulation tends to make slightly better predictions as compared
to the explicit model. For component <ww>, the explicit ASM is significantly off, while the
RSM and three implicit ASMs seem to be acceptable. Note that for the positions slightly further
away from the wall (0.25<y/δBL), implicit ASM appears to be even better than RSM. Similar
behavior is observed for the component <uv>. While explicit ASM fails to predict the values
everywhere, the results of the full implicit ASM model are very close to RSM and experimental
data. Note that ‘implicit ASM No Wall’ model slightly overpredicts <uv> everywhere. Finally,
for <vv> component, the three implicit ASM model show some discrepancies with the results of
the other models. Among the three implicit ASM models, the results of the compact model are
slightly closer to the experimental data. Note that even in this case, the maximum error of the
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ASM models is only 25%. Overall, based on the results presented so far, it looks like predictions
of the full implicit ASM model are almost as accurate as the fully converged RSM simulation
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from Fluent (except <vv>), while there is a significantly less computational time required.
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Figure 13 Distribution of the normalized Reynolds stress components versus the normalized distance from the plate
in the near-wall region, for Rex=3.2e6.

3.5.1.3 Accuracy and computational cost
In Table 1, some information about different ASM models is presented for the 2D flat plate
problem. RSM is considered as the baseline model, and the root mean square of the error
percentages of the four Reynolds components using four ASMs (with respect to RSM) is
tabulated. Also listed is the computational time of all ASMs (which includes the time spent on
the k-ε simulation), and RSM. It is evident that among all ASMs, the full implicit ASM model
shows smallest average difference with RSM for <vv>, <ww>, and <uv>, while the explicit ASM
has the lowest average difference with RSM for <uu>. However, this model gives poor results
for other RS components. Also, the computational time of each one of the ASMs is about 6 times
shorter than that of RSM, while the compact and No-Wall implicit ASMs are not much faster
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than the full implicit model. Overall, it appears that using the full implicit ASM can be a good
trade-off between accuracy and computational cost.
Average
<uu>
difference
%

Average
<ww>
difference
%

Average
<vv>
difference
%

Average
<uv>
difference
%

Approx.
sim.
time
(min)

---

---

---

---

180

Implicit ASM (Full)

12.5

12.6

36.0

11.3

35

Implicit ASM (Compact)

14.4

22.0

39.2

11.4

33

Implicit ASM (No Wall)

13.4

12.8

43.7

23.2

33

Explicit ASM

12.1

48.5

44.5

66.3

32

Model

RSM

Table 1 Average differences between ASMs and RSM predictions

3.5.2 Wind Turbine Blade
In order to get a visual overview of the air flow over the wind turbine blade, the variation of
the axial velocity on the vertical mid-plane of the computational domain and along the main flow
direction is shown in Figure 14.
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Figure 14 Contours of the axial velocity in the vertical mid plane (units are in m/s)

Next, the results of the Reynolds stresses updated by ASM formulation are presented. Note
that the ASM analysis is carried out at only a few positions (heights) along the blade span, and
only on few concentric layers around the blade surface. The normalized heights selected for
analysis were z/L=0.25, 0.5, and 0.75. It will be more comprehensive to extend the analysis to
everywhere in the flow domain up to a certain distance from the blade wall. Figure 15 is taken at

37

z/L=0.5, and demonstrates the x- and y-coordinates of every data point of interest around the
blade with the approximate wall distance h of 1 mm, or h/L=5e-5. Indices assigned to the data

Y coordinates of data points [m]

points are shown as well, and will be referred to in Figure 16 through Figure 21.
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Figure 15 Indices of grid points of interest around the blade at z/L=0.5, and h/L=5e-5

The next set of figures shows the distribution of six RS components as calculated by the
ASM formulation. They are all normalized by the square of the inlet velocity of the
computational domain, U ∞2 . For the sake of comparison, the same quantity is calculated by the
fully-converged RSM (from Fluent) and is shown in the same figure. The RSM formulation uses
the linear pressure strain term and includes the wall reflection effects. It seems to be very similar
to the full Φij,2 model considered in the present study. Figure 16 is corresponding to z/L=0.5 and
h/L=5e-6. The notation <uu>, <uv>, <uw>, <vv>, <vw>, <ww> is used in lieu of u1u1 ,u1u 2 ,u1u 3 ,
u 2 u 2 ,u 2 u 3 ,u 3 u 3

, respectively. Results of the full implicit model, explicit model, and RSM are

plotted. There is a good agreement between implicit ASM and RSM results. While for the four of
the Reynolds stress components, the agreement between implicit ASM and RSM is very good,
for the other two components, the overall trend is acceptable. There is a small amount of
scattering for <vv> which can be attributed to MATLAB solver converging to different solutions,
based on the criteria chosen for convergence. While the explicit ASM also predicts the trends
decently, it fails to make predictions as accurate as the implicit ASM. This could be due to the
assumptions made during the derivation of the explicit formulation.
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Figure 16 Distribution of the normalized Reynolds stresses around the blade at z/L=0.5, and h/L=5e-6 (RSM, full
implicit ASM, and explicit ASM)

It is now desired to check the relative accuracy of the two other variations of the ASM
formulations, i.e., the compact Φij,2 form, Eq. (3.14), and no wall effect form, Eq. (3.15), in
comparison with the case where the complete form of Φij,2 and Φij,w are used. Figure 17 and
Figure 18 show the component-by-component distribution of the normalized Reynolds stresses
near the blade wall. Remember the x- and y-coordinates of the data points for each cell number is
shown in Figure 15. For better clarity, the explicit ASM results are not shown here, but a
comparison between all implicit models and the one explicit model for <uu> is shown in Figure
19.
As shown in Figure 17, the trend of implicit ASM predictions is decent, although as
expected, the overall agreement between RSM and this compact model is not very good. There
are areas where the MATLAB solver did not converge, which could be due to the inaccuracies
induced in the solution because of the simplifications made for the compact model. On the other
hand, the No-wall effect form (Figure 18) seems to capture the overall behavior of the Reynolds
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stresses better. There is less scatter of data observed, but still the agreement with RSM is not
acceptable, most probably due to dropping the wall-effect term in the near-wall region.
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Figure 17 Distribution of the normalized Reynolds stresses around the blade at z/L=0.5, and h/L=5e-6 (Compact
Φij,2 form)
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Figure 18 Distribution of normalized Reynolds stresses around the blade at z/L=0.5, and h/L=5e-6 (No wall effect)

It may also be useful to show the distribution of at least one Reynolds stress component
along the blade curve for three different implicit and explicit ASM models all in one plot. As can
be seen in Figure 19, even though the general trends of all models are good, none of the models
can perfectly replicate the RSM results. However, the full implicit model shows better agreement
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with the RSM data, and there are fewer outliers in this model. The explicit ASM seems to have
the highest scatter of data, and is less accurate than the compact and no-wall implicit models. It
is also interesting to note that the model ignoring wall effect results in slightly better predictions
as compared to the ‘compact’ model. Note there is not much of a difference between the
computational times of the three implicit models, although the explicit model is slightly faster. In
order be able to make a conclusion about the most suitable method, the simulation is repeated for
different locations around the blade.

Figure 19 Distribution of the normalized Reynolds stress component <uu> around the blade at z/L=0.5, and
h/L=5e-6 from RSM, three implicit, and one explicit ASM models

In the following figures, the ASM formulation is investigated at different locations of the
computational domain, but still close to the blade wall. Figure 20 shows the same quantities at
the same height along the blade, but further away from the solid wall, that is at h~1mm or
h/L~5e-5. For all of the Reynolds stress components, there exists an acceptable agreement
between the RSM and full implicit ASM results in most of the data points considered. There
exists small amount of data scatter for <vv> and <vw> components. On the other hand, the
explicit model shows larger errors, although again the trends are fine, and data scatter is not
significant, and all quantities show smooth behavior. These results are better than those depicted
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in Figure 16, which could be caused by the less significant influence of the wall correction term
on the positions further away from the blade wall.
Similarly, Figure 21 shows the distribution of all six Reynolds stress components at the same
height but much closer to the blade wall, i.e., h=5e-5 m, or h/L~2.5e-6. This test was run using
the full implicit and explicit ASM models. It is evident that for four of the components, there is a
very good agreement between RSM and implicit ASM results, while for <vv>, ASM slightly
overpredicts, and for <vw>, ASM slightly underpredicts the RSM results. Unlike the implicit
model, the explicit ASM formulation results in large deviation from RSM as well as some large
data scatter. This means one has to be careful in the selection of the ASM models for the regions
in the flow domain, extremely close to the solid wall. Besides the full implicit model used here, it
might be worth examining different ASM formulations. That could be subject of a future study.
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Figure 20 Distribution of the normalized Reynolds stresses around the blade at z/L=0.5, and h/L=5e-5 (explicit; and
full Φij,2 form with wall effects)
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Figure 21 Distribution of the normalized Reynolds stresses around the blade at z/L=0.5, and h/L=2.5e-6 (explicit;
and full Φij,2 form with wall effects)

In addition to the z/L=0.5 plane, the ASM formulation is examined at two other heights along
the blade, i.e., at z/L=0.25, and z/L=0.75. The position of the elements in the computational
domain chosen around the blade, as well as the results of the ASM analysis for those two cases
(both with h/L=5e-6) are shown in Figure 22 and Figure 23. Notice the difference between the
sizes of the two profiles in parts a of these two figures. Except for one Reynolds stress
component, there is a decent agreement between RSM and ASM results in Figure 22. This could
be because the flow domain considered in this figure is closer to the hub, and, therefore, the
velocities and level of turbulence are lower, and the flow calculations are more reliable. The only
region with significant discrepancies is near the trailing edge on the suction side, where the
separation is likely to happen. On the other hand, Figure 23 shows the flow characteristics closer
to the blade tip, where larger vortices and higher turbulence intensities exist, and the flow
becomes less predictable. This may explain the discrepancy between the RSM and ASM results.
Finally, in addition to the z/L=0.5 plane, the ASM formulation is examined at two other
heights along the blade, i.e., z/L=0.25, and z/L=0.75. The position of the elements in the

43

computational domain chosen around the blade, as well as the results of the ASM analysis for
those two cases (both with h/L=5e-6), are shown in Figure 22 and Figure 23. Based on the fact
that the explicit ASM did not show acceptable agreement with RSM, in the following figures,
only the full implicit ASM model is investigated. Notice the difference between the size and
shape of the two profiles in parts of those two figures.
Except for two of the Reynolds stress components, there is a good agreement between RSM
and ASM results in Figure 22. This could be because the flow domain considered in Figure 22 is
closer to the hub, and therefore, the velocities and level of turbulence are lower. In the central
parts of the suction side, it is seen that <vv> and <ww> components fail to replicate RSMs that
could be due to the separation effects. On the other hand, Figure 23 shows the flow
characteristics closer to the blade tip, where larger vortices and higher turbulence intensities
exist, and the flow becomes less predictable. This may explain the discrepancy between the RSM
and ASM results. Even in this case, the only significant deviations are observed for <vv> and
<ww> components, and the other components match well with RSM predictions.
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Figure 22 (a) Indices of grid points of interest, and (b) Distribution of the normalized Reynolds stresses, around the
blade at z/L=0.25, and h/L=5e-6 (full Φij,2 form)
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Figure 23 (a) Indices of grid points of interest, and (b) Distribution of the normalized Reynolds stresses, around the
blade at z/L=0.75, and h/L=5e-6 (full Φij,2 form)
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3.6 Conclusion
3.6.1 Flat Plate
The algebraic stress turbulence model is utilized in order to find the Reynolds stresses in the
near-wall region for flow of air over a 2D flat plate. Three variations of implicit ASM, as well as
one form of explicit ASM, are used to compare the models with fully-converged RSM from
ANSYS Fluent. Reynolds stresses are obtained on a line normal to the plate, located in the
turbulent region. The results are also compared against Klebanoff’s experimental data. While
Fluent RSM results are closer to the experimental values, it can be observed that for all four
Reynolds stress components, the predictions of the full implicit ASM is acceptable. Except for
the <vv> component, the full implicit ASM model gives relatively better results as compared to
the compact ASM and the no-wall ASM models. This suggests that either the compact implicit
ASM should not be used or the coefficient γ in Eq. (3.14) needs to be adjusted. Moreover, the
No-wall implicit ASM model provides results that are very similar to those of the full implicit
ASM model, except for <uv> term. The basic explicit ASM model used in this study seems to be
less accurate than the full implicit model, except maybe for <uu> in the near-wall region. Based
on the current results, and considering the significantly less computational time requirement of
the ASM models compared to RSM, it seems that one can use full implicit ASM to improve the
flow behavior within the boundary layer, without sacrificing the accuracy.
3.6.2 Wind Turbine Blade
Algebraic Stress Model was examined in the present work by investigating turbulent flow
around a horizontal axis wind turbine blade. Three variations of the pressure-strain term (full

Φij,2 with wall effects, compact Φij,2 with wall effects, and full Φij,2 without wall effects) were
used along with an explicit ASM model, and the results were compared in terms of predictions of
six Reynolds stress components at z/L=0.5 and at a region with the approximate wall distance h
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of 0.1 mm, or h/L=5e-6. Overall, the full Φij,2 form with wall effects (full implicit model) showed
better agreements with RSM data. The other three models considered showed more data scatter
and larger discrepancies, among which the explicit ASM turned out to be the least accurate
model.
Reynolds stresses were also plotted at z/L=0.5 and at two other concentric layers around the
blade, i.e., further away from the wall (h/L=5e-5), and closer to the wall (h/L=2.5e-6). Moreover,
they were investigated at two other heights along the blade, i.e., z/L=0.25 and z/L=0.75, both at
h/L=5e-6. The full implicit model again showed much better agreement with RSM data and
smoother behavior as compared to the explicit model. The full implicit model is recommended to
be used in conjunction with LES or DES in future investigations for the improvement of flow
predictions. The main conclusion of the present work is that without going through the RSM
simulation, one can use simpler methods (such as ASM) to get reasonable values for Reynolds
stresses, similar to those obtained from RSM. In the next step, the appropriate version of ASM
will be utilized in a hybrid LES-RANS routine, to improve the prediction of the near-wall
quantities.
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Chapter 4 Hybrid DES-ASM Model
4.1 Introduction
In the previous chapter, feasibility of using ASM in lieu of the more complex turbulence
model of RSM was studied. The idea is to develop a model that improves the near-wall
predictions of LES by combining it with a RANS model. In the present chapter, DES is utilized
as a readily coupled LES-RANS simulation method, and then some of the turbulence quantities
such as the turbulent kinetic energy k and the specific dissipation rate ω are updated using an
external ASM routine. The reliability of this method is investigated in the past for assessment of
flow over a flat plate (Amano and Beyhaghi, 2015) and flow around a rotating wind turbine
blade (Beyhaghi and Amano, 2015). It was concluded that the proposed ASM technique could
replicate the results of an RSM simulation while using much less computational resources.
Having confidence in the reliability of ASM, it is now desired to apply the same methodology to
examine the improvements in predictions of near-wall flow behavior, such as pressure and
velocity distribution, by using a coupled DES-ASM method for analysis of turbulent flow over
an NACA 4412 airfoil. Airfoil geometry was selected so as to characterize the aerodynamic
performance under different angles of attack (AoA). Moreover, the findings from the airfoil
study can be later used on not only wind turbine blades, but also airfoils used for any other
applications such as airplane wings or unmanned aerial vehicles (UAVs). Note the Reynolds
number (Re) is kept constant at around 1.6E+6 throughout this study, and AoAs 0 and 14
degrees are investigated. The computational results of different turbulence models are compared
against published experimental data.

4.2 Theory
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As mentioned earlier, DES is a hybrid modeling approach that combines certain features of
RANS simulations with LES. DES turbulence models are set up so that boundary layers and
irrotational flow regions are solved using a base RANS closure model. However, the turbulence
model is intrinsically modified so that, if the grid is fine enough, it will emulate a basic LES
subgrid-scale model in detached flow regions. In other words, the unsteady RANS models are
employed in the near-wall regions, while the filtered versions of the same models are used in the
regions away from the near-wall. In the current effort, Smagorinsky subgrid scale model is
employed as the LES scheme. This method is described in much more details elsewhere
(Smagorinsky, 1963; Deardorff, 1970). In the present work, the k-ω SST formulation is used as
the underlying RANS model and is briefly discussed here. It is customized for operation along
with DES.
The delay factor introduced in 2004 (Menter and Kuntz, 2004) has been adopted for the DES
formulation of the k-ω SST model. This modification improves the capability of the model in
terms of distinguishing between LES and RANS regions on computational meshes, where spatial
refinement could give rise to ambiguous behavior. In addition, the improved delayed detached
eddy simulation (IDDES) formulation (Shur et al., 2008) is utilized. This combines DDES with
an improved LES-RANS hybrid model aimed at wall modeling in LES when the grid resolution
supports it. In the next sub-sections, the baseline k-ω SST model is outlined, followed by the
version of it that is customized for DES.
4.2.1

K-Omega SST Model

Turbulent Kinetic Energy
d
dt

∫
V

ρ kdV +

∫
A

(

)

ρ k v − v g .d a =

∫(

µ + σ k µ t ) ∇ k .d a +

A

∫(
V
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)

γ eff G k − γ ' ρβ * f β * (ω k − ω 0 k 0 ) + S k dV

(4.1)

Specific Dissipation Rate
d
dt

∫

ρω dV +

V

∫

(

)

ρω v − v g .d a =

A

∫(

µ + σ ω µ t ) ∇ ω .d a +

A

∫(

(

)

)

Gω − ρβ f β ω 2 − ω 0 2 + Dω + Sω dV

(4.2)

V

where k0 and ω0 are the ambient turbulence values in source terms (Sk and Sω) that counteract
turbulence decay, and γeff is the effective intermittency which is provided by the Gamma Re-θ
transition model. For more information, refer to Star-CCM+ User Guide (CD-adapco, 2014).
4.2.2

DES Version of the K-Omega SST Model

the dissipation term in Eq. (4.1) is modified as (Menter and Kuntz, 2004):
1

Dk = ρβ * f β * ω k φ

φ=

if lt < Cdes ∆ ↔ RANS mode

 > 1 if lt > C des ∆ ↔ LES mode

(4.3)

where



lt
k
F ,1 , F = 1 − F2 , lt =
*
C
∆
β ω
 des


φ = max 

(4.4)

In the equations above, Δ is the largest distance between the centers of the cell under
consideration and the neighboring cells. Also, F2 is the blending function as fully described
elsewhere (CD-adapco, 2014). The model constant, Cdes, blends the values obtained from
independent calibration of the k-ε and k-ω branches of the k-ω SST model (Travin et al., 2002)
and is evaluated as
Cdes = Cdes,k −ω F1 + Cdes,k −ε (1 − F1 )

(4.5)

where F1 is defined in Star-CCM+ User Guide (CD-adapco, 2014). Finally note that the
governing equations specific to ASM are presented in the previous chapter, and therefore are not
repeated here.
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4.3 Computational Setup
The computational modeling and analysis are carried out using the commercial
computational fluid dynamics (CFD) package, Star-CCM+. The geometry is developed by
importing a standard NACA 4412 airfoil profile in the software, extruding it to a proper spanwise length, creating the surrounding domain, and finally subtracting the airfoil from the
surrounding domain. As for the computational grid, a fully structured body-fitted grid as
recommended in previous efforts (Menter and Kuntz, 2004; Bose, 2012) was used.
Figure 24 depicts the geometry and the mesh configuration chosen for this study. A C-Hshape geometry is chosen as the computational domain. Air with the ambient pressure and
temperature of 101.325 KPa and 300 K, respectively, is used as the working fluid. All the farfield boundaries are assigned free-stream boundary conditions, and all solid surfaces of the
airfoil are given a no-slip wall condition. The free-stream velocity magnitude is set to 12 m/s,
resulting in a chord-based Re of 1.6E+6. The two side surfaces of the domain are assigned a
periodic boundary condition. All simulations are run until a convergence criterion of 1E-6 is
achieved for all flow variables. For the unsteady DES simulations, the time step size of 13 µs is
chosen which results in a CFL (Courant–Friedrichs–Lewy) number of around 0.8. Also, only the
implicit version of ASM is used as it has been shown elsewhere (Beyhaghi and Amano, 2015;
Amano and Beyhaghi, 2015) that it has better agreement with RSM as far as the prediction of the
Reynolds Stress components is concerned.
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AoA

(a)

(b)

(c)

(d)

Figure 24 The computational domain and the mesh generated around a NACA 4412 airfoil: (a) geometry, (b) mesh
around the airfoil, (c) mesh magnified near the leading edge, (d) mesh magnified near the trailing edge

In Figure 25, the NACA 4412 airfoil along with its main geometric parameters is shown. The
chord and span lengths are set to 2 m and 0.2 m, respectively. Also shown is the distribution of
the non-dimensional distance of the near-wall grid y+ from the airfoil surface. The average y+ is
2.41 after a converged DES solution. The final mesh count is 8.03M elements, which was
determined after a mesh independence study. For an airfoil subjected to a free-stream velocity
magnitude of 12 m/s and AoA of 0 degrees, three different meshes were generated, and
simulations were run for each case until convergence. As displayed in Table 2, the lift and drag
coefficients of the two finer cases (with the approximate element counts of 8M and 15M) are
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very close, while those of the coarsest case show about 3-4% discrepancy. Therefore, it was
decided to use the case with 8 million elements.
span, s

chord, c

(a)

(b)
Figure 25 The airfoil considered for this study: (a) the geometry, (b) distribution of y+ after a converged solution at
AoA=0°

Number of
mesh elements

Lift
Coefficient

Drag
Coefficient

~ 3M

0.441

0.0111

~ 8M

0.423

0.0104

~ 15M

0.424

0.0105

Table 2 Mesh independence study in terms of lift and drag coefficients for an airfoil with incoming air velocity of 12
m/s and AoA=0°

4.4 Numerical Procedure
The procedure for application of the hybrid DES-ASM model to flow over an airfoil is
outlined below. The objective is to see whether the addition of the ASM treatment can improve
the flow prediction as compared to what found from a baseline DES simulation.
(a) Solve the flow field and turbulence using the baseline DES.
53

(b) Store the mean velocity gradients, k and ω only in the vicinity of the airfoil surface. To do so,
first one needs to define a derived plane in Star-CCM+, to represent the locus of the grid points
in the domain with the wall distance less than a certain small value. Then, create a Table (under
Tools) that stores the quantities of interest at this derived plane, and then right-click on the Table,
do extract, and finally export it to a spreadsheet-like file with .csv extension.
(c) Import the aforementioned quantities in the external ASM routine developed in MATLAB
and Octave.
(d) Execute the ASM code to find the updated Reynolds stresses, and other quantities.
(e) Import the updated quantities back in the main flow solver code and continue the DES
simulation to reach another convergence point. To import, one needs to create a File Table
(again, under Tools), and map the Path to the .csv file generated in step b.
(f) After another converged simulation, calculate the quantities of interest and compare them
against the results of the original DES and the published data from the literature.

4.5 Results and Discussions
In this section, contours of the pressure coefficient and chordwise velocity components are
presented for the baseline DES model. Moreover, the DES and the proposed hybrid DES-ASM
models are compared in terms of the pressure coefficient (for both low and high AoAs), and the
near-trailing-edge velocity profiles (only for high AoA). Results of a well-known published
experimental study (Wadcock, 1978) are used for validation of the pressure coefficients and
trailing-edge velocity profiles obtained from CFD simulations of the airfoil. The reference above
is used by many researchers for validation studies including NASA Langley Research Center for
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validation of different turbulence models (Rumsey, 2014). The four near-trailing-edge locations
and the mid-span airfoil surface are depicted in Figure 26.

(a)

(b)

Figure 26 (a) The four near-trailing-edge lines normal to the airfoil surface, located at normalized chord-wise
lengths x/c of 0.79, 0.84, 0.89, and 0.95; (b) airfoil surface mid-span where the pressure coefficient data is gathered
from

4.5.1 Performance at AoA=0°
Before presenting the results of different turbulence models on pressure coefficients, the
distribution of the pressure coefficient and normalized velocity profile in the vicinity of the
airfoil obtained from a baseline DES is presented here. As shown in Figure 27a, generation and
decay of the eddy structures are apparent even at AoA=0°.

(a)

(b)
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Figure 27 Distribution of (a) the normalized chord-wise velocity component, and (b) pressure coefficient in the midspan plane, near the airfoil surface, for AoA=0°, and Re=1.6E+6

Next, the pressure coefficient at the mid-span of the airfoil surface is calculated from
different turbulence models, and the results are presented in Figure 28. It is observed that at
AoA=0°, DES and DES-ASM yield nearly identical results near the leading edge of the airfoil on
both suction and pressure sides (part b). In the mid-chord region (part c), however, it seems that
the hybrid model can improve DES predictions, especially in the pressure-side, where there is a
good agreement between the hybrid model and the experimental data. As shown in part d, the
hybrid model can improve DES prediction near the trailing edge, while both models show some
discrepancy with the experimental predictions.

(a)

(b)

(c)

(d)

Figure 28 Distribution of the pressure coefficient with negative sign at AoA=0° at the mid-span of the airfoil
surface, determined from different turbulence models and the published experimental data: (a) the entire curve, (b)
near the leading-edge, (c) in the mid-chord, and (d) near the trailing-edge

4.5.2

Performance at AoA=14°
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The distribution of pressure coefficient and a normalized chordwise velocity component in
the vicinity of the airfoil obtained from a baseline DES is presented in Figure 29. Vortical
structures are present near and downstream of the trailing edge. Also, larger velocity values as
compared to the AoA=0° case are observed.

(a)

(b)

Figure 29 Distribution of (a) the normalized chord-wise velocity component, and (b) pressure coefficient in the midspan plane, near the airfoil surface, for AoA=14°, and Re=1.6E+6

The distribution of the pressure coefficient at the mid-span of the airfoil surface is depicted in
Figure 30. The overall behavior of the hybrid DES-ASM model is similar to the DES model
nearly everywhere, and this is true especially near the leading edge. However, in the mid-chord
region and near the trailing edge, the hybrid model slightly overpredicts the baseline DES model.
Even though both models show some discrepancy with respect to the experimental data, it seems
that the hybrid model results in better predictions of pressure coefficients near the trailing edge.
Note that the overall discrepancy could be in part due to the inaccuracies in the experimental
data, including the wind-tunnel blockage effect, and uncertainties in the reading of the hot-wire
sensors used in the cited experimental research.
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(a)

(b)

(c)

(d)

Figure 30 Distribution of the pressure coefficient with negative sign at AoA=14° at the mid-span of the airfoil
surface, determined from different turbulence models and the published experimental data: (a) the entire curve, (b)
near the leading-edge, and (c) near the trailing-edge

To better quantify the performance of the turbulence models in a separated flow regime, the
distribution of the normalized chordwise velocity component near the trailing edge is
demonstrated in Figure 31, where the velocity profiles are compared with those found from the
literature (Wadcock, 1978).

(a)

(b)
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(c)

(d)

Figure 31 Velocity profiles for AoA=14° case obtained from two different turbulence models and the experimental
data, at four normalized chord-wise locations x/c: 0.79, 0.84, 0.89, and 0.95

At x/c=0.79, the general agreement between the experimental results and the two turbulence
models is acceptable in the near-wall region, although both DES and hybrid DES-ASM slightly
underpredict the velocities in the lower half of the boundary layer. Also, very close to the airfoil
surface, the hybrid DES-ASM results are better than those of DES, which justifies application of
this new model. At x/c=0.84, the two models agree with experimental data reasonably well close
to the edge and above the boundary layer. However, in the near-wall region, both DES and
hybrid DES-ASM underpredict the velocities. The baseline DES predictions are better than those
of the hybrid model.
At x/c=0.89, again both models underpredict the velocities, while their values are nearly
identical, maybe except for the region very close to the airfoil surface. Within this region
(y/c<0.025), DES-ASM behaves better than DES. Finally, at a location very close to the airfoil
trailing edge, x/c=0.95, one can see that the hybrid DES-ASM model shows better agreement
with the experiment as compared to the baseline DES model, in almost the entire boundary layer.
Only near the boundary layer edge and beyond that, DES slightly outperforms the hybrid model.
These results again confirm that in certain locations in the vicinity of the solid surface, there is a
potential for improving the flow predictions of a DES turbulence model by implementing an
external ASM routine. In terms of the computational cost, the DES simulation took about 13
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days on a cluster of 96 CPU cores. For the hybrid DES-ASM simulation, the process of
exporting DES results from Star-CCM+ into the ASM code, solving the linear system of
equations, substituting the results into the DES model, and rerunning the simulation led to an
additional 10 hours.
4.5.3 Force Coefficients
The coefficients of lift and drag are two integral quantities that are typically used for
evaluating the overall aerodynamic performance of airfoils. Pressure distribution over the airfoil
surface and the velocity profiles are more detailed metrics for comparison of different turbulence
models, and that is why they are chosen in the current study. However, to give some insight into
the overall performance, the lift and drag coefficients of NACA 4412 at AoA of 14° are
calculated from DES and DES-ASM turbulence models and presented in Figure 32. Same
coefficients are determined experimentally (Wadcock, 1978), and are used for comparison. Note
there is only a very small discrepancy between all the models, and the results of DES-ASM
model are slightly closer to the experimental data compared to the DES model.

Figure 32 Lift and drag coefficients obtained for the angle of attack of 14 degrees from DES and DES-ASM
turbulence models and an experimental set of data from the literature

4.6 Summary and Conclusions
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The feasibility of improving the near-wall predictions of the DES turbulence model was
studied in the present work. For this purpose, the subsonic flow of air over an NACA 4412
airfoil was investigated numerically using the commercial package, Star-CCM+. Two distinct
values of the angle of attack (AoA) were chosen in order to examine the flow in both attached
and separated regimes. The k-ω SST model was used as the underlying RANS model integrated
with DES. Both k and ω quantities obtained from DES were updated by an ASM algorithm
developed in an external Octave routine. The updated quantities were then imported back into
the main solver code, where the simulation was allowed to run further and reach another
convergence. The behavior of the original DES and the hybrid DES-ASM were compared
against a set of experimental data in terms of the airfoil surface pressure coefficient and velocity
profiles near the trailing edge.
At zero degree AoA, the pressure coefficients were obtained, and it was noticed that both
turbulence models are capable of reproducing the experimental data. A closer look at the two
edges of the airfoil revealed that the proposed hybrid model is either similar to or better than the
baseline DES, although one can still detect some discrepancies with respect to the experimental
data. No velocity data was available at this AoA for comparison purposes.
At a near-stall AoA (~14°), a similar pressure distribution was observed. In the mid-chord
and near the trailing edge, both models showed some error, and the hybrid DES-ASM was
slightly better than the baseline DES. Furthermore, the distribution of the chordwise velocity
component near the trailing edge revealed that at certain locations near the trailing edge and
within the boundary layer, it is possible to improve DES flow predictions by implementing an
external ASM routine. Finally note that the disagreement with the experimental data could be in
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part due to the uncertainties in the experimental measurements or wind tunnel blockage effect,
among other possible reasons.
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Chapter 5 Slotted Airfoil Parametric Study
5.1 Introduction
Although horizontal-axis wind turbines (HAWTs) have proven to be very useful for
generating electrical energy, they suffer from some limitations, such as the Betz limit, which
confines the efficiency of turbines to around 59% (Burton et al., 2011). A great deal of research
has been aimed at finding ways to increase the power generation from turbines, by either
modifying the airfoil shape or installing add-on features at certain span-wise and chord-wise
locations of the blades. The objective of those alterations is to change the flow pattern around the
airfoil so as to decrease drag and increase lift, and ultimately increase the overall power
generation. Some of those devices commonly used are suction-side mini-tabs (Heathcote et al.,
2016), riblets, vortex generators (VGs), serrated trailing edge (Arce et al., 2015), gurney flaps
(van Dam et al., 1999), and slats (Schramm et al., 2016). Some of the important concerning
issues for such additions are ease of manufacturing and installation, durability, drag penalty, and
additional fatigue loads.
While active flow control using suction and injections streams are in use, the possibility of
using slots for passive flow control is rarely investigated. One application of slots on airfoils is
using leading-edge root extension (LERX) devices that are deployed in some modern fighter
aircraft. LERX is a small fillet that runs forward from the leading edge of the wing. It can
generate stream-wise vortices that adhere to the top wing surface, and therefore, prevent the
boundary layer separation and maintain the lift force at high values at high angles of attack. This
method can also be applied to wind turbines. In fact, some variations of it have been deployed by
installing suction holes near leading or trailing edge of the airfoil, in order to remove the low-
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momentum layers of the flow from the bottom of the boundary layer and therefore, delay the
separation (Wang and Sun, 2000; Whitman et al., 2006; Johnson et al., 2008; Prince et al., 2017).
Some of the other similar work on the application of upward slot (meaning the slot exit is located
on the top surface of the airfoil) is briefly reviewed here.
Upward slot is investigated for flow separation control of S809 airfoil (Xie et al., 2013). The
concept of split blade was used and flow behavior was studied both computationally and
experimentally for AoAs of 0, 10, 15, and 20 degrees. Both analyses were conducted at
Re=1.0E5. The inlet plane of the slot was located at 30% of the chord on the pressure side, and
the exit plane was at 60% of the chord on the suction side. The CFD analysis was done under
steady state with k-ω SST turbulence model. The results indicated that the separation area
increases as AoA increases, and there exists a large separation area on the airfoil suction side at
higher AoAs, which may not be favorable. The lift and drag coefficient did not change much at
AoAs of 0 and 10 degrees, while they showed slight increase (in CL) and decrease (in CD) at
AoAs of 15 and 20 deg.
A similar leading-edge slot with an upward direction was studied in another effort (Weber,
2012). A passively oscillating flap was devised towards the end of the slot, which could help
with the flow behavior, by mixing the low-momentum fluid (flowing on the suction side) with a
high momentum fluid (discharging from the slot), and thereby, energizing the near-blade flow.
The chord-wise length of the slot was quite low (only about 0.11c) and the width was kept
constant at 0.02c. In this fully-experimental study, the wind tunnel test-section flow velocity was
maintained at 20 m/s, resulting in a chord-based Reynolds number of 3.0E5. The airfoil used was
NACA 0015 made of a polystyrene foam core with a fiberglass layup. For a condition where an
additional airfoil was placed upstream (to create additional turbulence), the results showed that a
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CL increase of up to 10% could be achieved. No analysis was done on drag coefficient, but it was
mentioned that “generally the addition of a leading-edge slot contributes to increased airfoil
drag”.
In another effort, the near-stall behavior of a wind turbine airfoil equipped with an upward
slot was investigated in a 2D computational study (Belamadi et al., 2016). The S809 profile was
chosen as the airfoil, and the effects of slot’s location, width and slope were determined. CL, CD,
and lift-over-drag ratio were compared for the different configurations. It was concluded that the
implemented slot could improve the aerodynamic performance only over a very specific range of
AoA. For some cases, especially at lower AoAs, a very large drag penalty was observed. At
moderate and high AoAs (~14°-20°), the slot configuration outperformed the baseline
configuration. Therefore, extra care should be taken before application of this slot on wind
turbine blades. In particular, one needs to determine the effective AoA of the wind turbine blade
to see if the slot could provide any benefit.
The new flow control method discussed in the present work is different than the conventional
leading-edge blowing technique, in that the slot exit is located at the bottom surface of the airfoil
in the presently investigated cases. Therefore, air flowing through the slot is forced to leave from
the pressure side, meaning the flow direction is opposite of what is traditionally seen. The
possibility of using leading-edge slots for horizontal axis wind turbines has been investigated
very rarely. Turbulent flow over a slotted NREL (airfoil S883) blade was studied recently
(Subash et al., 2014). They showed only qualitatively that employing slots could alter the
pressure distribution above and below the airfoil. There were no quantitative results presented.
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In another effort (Noorazyze, 2014), a 5 m wind turbine blade with NACA 4412 airfoil with
and without slots was modeled. Slots in both horizontal (parallel to the blade axis) and vertical
(perpendicular to blade axes; parallel to the main flow direction) configurations were tested.
Unfortunately, the results were removed from that report and were not available. It was
concluded that the aerodynamic results showed an increased value of lift coefficient at certain
AoAs.
In a more recent study (Rong et al., 2015), the blade of G4-73No.8D centrifugal fan was
equipped with a similar leading-edge slot. Aerodynamic performance of the blade was studied
only computationally at a very large negative AoA, which would be the proper AoA for the
operation of such centrifugal fan blades. The results indicated that having a slot could control the
stall of centrifugal fan blade, and under appropriate operating conditions, lift improvement could
be achieved. Steady-state analysis based on the SIMPLE algorithm and with k-ω turbulence
model was carried out. Only one slot configuration was used, where the slot inlet and exit planes
were located at 2% and 70% of the chord length on the pressure-side of the airfoil, respectively.
Velocity contours and streamlines near the airfoils with and without the slot were displayed. It
was shown that by using slots, the separation regions were reduced and airfoil surface flow field
became more uniform. No data on the influence of such slots on the coefficients of lift and drag
were presented.
In two recent studies at the University of Wisconsin-Milwaukee (UWM), wind turbine blades
with leading-edge slots have been tested experimentally. The purpose of using slotted blades was
to redirect some of the air flows through the blade, and later mix it with the air stream flowing
along the bottom surface of the airfoil (Ibrahim et al., 2015; Alsultan, 2015). Figure 33 shows a
small slotted wind turbine blade. NACA 4412 airfoil profile was used throughout the blade span
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due to its high lift to drag ratio. This blade was designed using the CAD software package,
Pro/Engineer, then 3D-printed and tested at the UWM Wind Tunnel Laboratory. More detail on
the experimental facilities and procedure can be found elsewhere (Alsultan, 2015).

Figure 33 The slotted wind turbine blade fabricated and tested at UWM Wind tunnel

The performance of the slotted blade was examined experimentally in very limited operating
conditions. This blade has shown to generate up to 26% more power than the standard blade for
incoming air speed between 4.5 and 7.7 m/s, and the corresponding tip-speed ratio TSR (defined
as Ωr/U∞, where r is the blade length in m, and Ω shows the angular velocity in rad/s) increasing
linearly from 4.8 to 6.2. No data was, however, reported beyond these ranges. Therefore, there is
a need for further characterization of such slots under various operating conditions.
The objective of the present study is to build upon the previous results and carry out a
rigorous parametric study on some of the design parameters. The focus is on airfoils, as opposed
to blades, because it allows us to characterize the performance under different local angles of
attack (AoA). Moreover, the findings can be used on not only wind turbine blades, but also
airfoils utilized for any other applications such as airplane wings or unmanned aerial vehicles
(UAVs). Note the chord-based Reynolds number (Re) is kept constant at ~1.6E+6 throughout
this study, and AoAs between 0 and 16 degrees (slightly post-stall condition) with 2° increments
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are selected for this investigation. The computational results of a standard solid airfoil are
compared against the experimental data from the literature, while the results of a slotted airfoil
are validated with those obtained from a series of wind-tunnel test at UWM. Aerodynamic
performance at different Reynolds number is also studied.

5.2 Theory
To model the turbulent air flow around and through the slotted airfoil, the Reynolds Average
Navier-Stokes (RANS) model of k-ω SST is used. This model is computationally more
affordable than higher-end techniques such as Large Eddy Simulation (LES) and has gained a lot
of attraction among the RANS models. This model is suitable for inner and outer parts of the
boundary layer, as well as outside the boundary layer. The shear stress transport (SST)
formulation switches to a k-ε behavior in the free-stream and therefore, it avoids the common
problem often seen with the standard k-ω, which is being too sensitive to the inlet turbulence
properties. The governing equations unique to this turbulence model are outlined in Eqs. (5.1 5.4). More details including the closure coefficients relevant to this model can be found in
(Menter, 1994).
Reynolds Stresses
 ∂U ∂U j 2 ∂U k
 2
− ρ ui u j = µt  i +
−
δij  − ρ kδij
 ∂x j

∂xi 3 ∂xk

 3

(5.1)

Turbulent Eddy Viscosity
µt = ρν t =

ρ a1k
1  ∂U ∂U j
, where W = 2WijW ji , Wij =  i −
2  ∂x j ∂xi
max ( a1ω ,WF2 )






(5.2)

Turbulent Kinetic Energy
∂k
∂k
∂
+U j
= Pk − β* kω +
∂t
∂x j
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Specific Dissipation Rate
∂ω
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5.3 Computational Setup
The computational modeling and analysis are carried out using the commercial
computational fluid dynamics (CFD) package, Star-CCM+. The geometry is developed by
importing a standard NACA 4412 airfoil profile in the software, cutting the slot through the
airfoil, extruding it to a proper span-wise length, and finally creating the surrounding domain and
subtracting the slotted airfoil from it. As for the computational grid, several meshing schemes
were examined, including a structured (Trimmer) grid, polyhedral mesh, and a fully-structured
body-fitted mesh. After an extensive investigation, it was determined that the polyhedral mesh is
a good trade-off between the accuracy and the computational cost. The polyhedral mesh was
augmented with 16-18 prism (inflation) layers near the airfoil surface to deliver the proper grid
resolution for wall y+ requirements of the k-ω turbulence model.
For one of the slotted airfoils studied, a grid independence study was carried out to find the
proper values of the mesh setting parameters. For that particular case, three different grids with
210K, 560K, and 950K polyhedral elements were generated, and the flow was solved for each
case to find the lift and drag coefficients. As shown in Table 3, the case with 560K elements
resulted in very similar force coefficients as the finest case, whereas both lift and drag of the
coarsest case were roughly 3% different than the other two. Since the objective of the present
work is to find an optimal design based on CL and CD values, even a few percent difference is
considered significant, and can make a difference. Based on the observed values for lift and drag
coefficients of the three cases considered, the mesh setting parameters of the case with 560K
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elements is used for the remainder of this research. Note that the actual element count of the
individual cases is highly dependent on the slot’s parameters, mainly its width and length.
Number of mesh elements

Lift
Coefficient

Drag
Coefficient

210,000

0.4503

0.0233

560,000

0.4678

0.0242

950,000

0.4673

0.0242

Table 3 Mesh independence study in terms of lift and drag coefficients for a slotted airfoil with L1/c=45%, w/c=2%,
β1=0°, and β2=80° at AoA=0°

A coupled pressure-based flow solver with the second-order discretization and the CFL
number of 5 was used for simulations, and the under-relaxation factor of 0.8 was assigned for kω turbulence. Air with constant properties at T=300 K and P=101 KPa was modeled in all
simulations. Figure 34 depicts the geometry and the mesh configuration chosen for this study. A
C-H-shape geometry of grids is selected as the computational domain. All the far-field
boundaries are assigned free-stream boundary conditions, and all solid surfaces of the airfoil are
given a no-slip wall condition. The free-stream velocity magnitude U is set to 24 m/s, resulting in
a chord-based Re of 1.6E+6. The two side surfaces of the domain are assigned a periodic
boundary condition. All simulations are run until a convergence criterion of 1e-6 is achieved for
all flow quantities. More details on the setup can be found elsewhere (Beyhaghi and Amano,
2017a; Beyhaghi and Amano, 2017b). In Figure 35, a typical slotted airfoil along with the main
geometric parameters of interest is shown. The widths of the first and second legs of the slot are
set equal throughout this study. The chord and span lengths are set to 1 m and 0.2 m,
respectively. The variable h indicates the vertical (normal to chord) distance between the “lower
lip” of the slot (bottom-edge of slot’s inlet plane) and a fixed point within the airfoil (shown as a
yellow dot, which is 0.4c downstream and 0.04c above the leading edge).
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AoA

(a)

(b)

(c)

(d)

Figure 34 The computational domain and the mesh generated around a typical slotted airfoil: (a) geometry, (b)
mesh around the airfoil, (c) mesh magnified near the leading edge and slot, (d) mesh near the trailing edge

(a)

(b)
Figure 35 (a) a typical picture of a slotted airfoil considered for this study, (b) cross-section of a slotted airfoil with
five main geometric parameters shown

5.4 Initial Validation
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Results of the initial validation cases for both solid and slotted airfoils are presented in this
section.
5.4.1 Literature Data – Solid Airfoil
Results of three published experiments are used for validation of the lift and drag coefficients
obtained from CFD simulations of the solid airfoil (Figure 36). The agreement between the CFD
results and Wadcock’s data (Wadcock, 1978) – both with Re=1.6E6 - is very good at all the
AoAs considered. For the sake of completeness, CL and CD values of the CFD simulation are
also compared against the experimental data obtained from the references (Hastings and
Williams, 1984) with Re=4.1E6, and (Abbott et al., 1945) with Re=3.0E6. One can note despite
the small difference between the Reynolds numbers, there exists a very good agreement between
different data sets at least up to AoA=12 deg. In the same figure, the drag coefficients
determined from CFD are compared against those found from two of the three references
mentioned above. Despite the small discrepancies at higher AoAs, it seems CFD predictions are
between what found by the two independent experimental efforts. In addition to the force
coefficients, the distribution of the pressure coefficient over the airfoil surface at mid-span is
obtained for turbulent flow around a solid airfoil with AoA=0° using CFD, and the results are
compared against the available experimental data (Wadcock, 1978) in Figure 36b. An excellent
agreement is observed between the two data sets, and this confirms the validity of the CFD
formulation and results.
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(a)

(b)

Figure 36 Results of the experimental validation study for flow over a solid airfoil: (a) lift and drag coefficients at
various AoAs, and (b) pressure coefficient with a negative sign at AoA=0.

5.4.2 Wind Tunnel Experiments – Slotted Airfoil
To gain more confidence about the validity of the forthcoming simulations and methodology
used for the slotted airfoils, it is decided to conduct a series of wind tunnel experiments and
measure lift and drag forces directly for a slotted airfoil at various AoAs. All the laboratory
experiments for this project are conducted in an open-loop, suction-type wind tunnel at UWM.
The test section of this tunnel has the cross-section dimensions of 1.2 m x 1.2 m, and it is 2.4 m
in length. The total length of the tunnel is approximately 12 m, and a 40 HP electric motor drives
the eight-blade fan at the exit, and thereby draws the air through the tunnel. Moreover, five thin
honeycomb mesh plates are installed at the entrance of the tunnel to deliver a more uniform and
less turbulent flow to the test section. The wind tunnel can produce subsonic airflow as large as
20 m/s. This wind tunnel has been used in several experimental efforts in the past, e.g., for
determination of velocity deficit downstream of one or two small rotating wind turbines
(Jackson, 2016; Jackson and Amano, 2017). The overall view and a schematic diagram of the
wind tunnel components are presented in Figure 37.
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(a)

(b)

Figure 37 UWM Wind tunnel: (a) overall view, and (b) schematic diagram of different components (Alsultan, 2015)

The solid and slotted airfoils were designed in Pro-Engineer software package, with the
chord length of 17.5 cm and span length of approximately 25 cm. They were then manufactured
using the 3D-printing technique. The material used for 3D printing is Renshape SL 5220, due to
the superior performance it has shown compared to another candidate material in an FEA study
(Alsultan, 2015). Figure 38a shows the slotted airfoil fabricated for this study. The slot is quite
short and wide, with the relative first-leg length L1/c of 10% and the relative width w/c of 2%.

(a)

(b)
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(c)

(d)

Figure 38 (a) the slotted NACA 4412 airfoil used for the experimental analysis, (b) the support structure made for
holding the airfoil in the wind tunnel, (c) schematic diagram of the F/T transducer with the direction of the force
and torque components shown, and (d) different physical components of the transducer

The airfoil to be tested is attached to the sides of an aluminum structure through bolted rods
as shown in Figure 38b. Angle of attack is adjusted and then the screws are tightened. The entire
structure sits over a 6-axis ATI Force-Torque (F/T) transducer, which can effectively measure
lift and drag forces (ATI Industrial Automation, 2017). Two different views of the transducer are
provided in parts c and d of the same figure. The steps needed to be taken for successful
measurement of lift forces are outlined below. Note a similar procedure is followed for
measurement of the drag force.
1) Calibrate the device for the lift force using known weights
2) Adjust AoA and set the fan speed to deliver the desired air velocity; a linear correlation
between the fan speed and the mean velocity is obtained previously (Jackson, 2016).
3) Measure the lift force of the structure
4) Measure the lift force of the structure + airfoil
5) Subtract (3) from (4) to get the net lift generated due to the presence of the airfoil in the tunnel
For every AoA, force data were collected for 10 seconds with a samples rate of 1 kHz, and
the average value were determined. A series of lift measurements was carried out and some
discrepancies with the expected results (from literature) was observed. The root cause of the
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discrepancy was deemed to be the presence of the structure which made the flow patterns
different than what experienced in an open environment. To test this hypothesis, a new CFD
setup was created and simulated at different angles of attack. Figure 39a shows the developed
geometry of the airfoil and structure installed inside a wind tunnel. All dimensions match those
of the actual wind tunnel where the wind tunnel tests were carried out. The computational setting
of this new setup matches with those described earlier. The mesh generated on the vertical midplane of the tunnel is presented in Figure 39b. Velocity inlet and pressure-outlet boundary
conditions were imposed on the inlet and outlet surfaces of the tunnel, respectively. Top, bottom,
and the two side walls of the tunnel were assigned no-slip wall condition.

(a)

(b)
Figure 39 (a) the new geometry developed in Star-CCM+ for analysis of the flow around a slotted airfoil inside a
wind tunnel (the side walls are hidden for higher clarity), (b) cross section of the grid structure on the vertical midplane
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CFD simulations were performed for AoAs 0, 4 and 8 degrees, with the inlet velocity of 9
m/s (which was verified to be equal to the mean inlet velocity of the wind tunnel operating with
the fan speed of 30 Hz). Figure 40 shows the comparison of the lift and drag coefficients
between CFD and experiments. One can verify that there is a very good agreement between both
lift and drag coefficients of the two sets of data. Small discrepancies can be attributed to the
uncertainties in velocity magnitude and turbulence intensity of the tunnel, among other reasons.
The level of agreement between the actual wind tunnel data and CFD results confirms the
validity of the CFD settings, models and results. Therefore, in the remaining parts of this
research, the analysis of the slotted airfoil is carried out mostly computationally, although some
data from a wind-tunnel experiment on solid and slotted airfoils is presented as well.

Figure 40 Lift and drag coefficients obtained from wind tunnel experiments and CFD simulation with a matching
geometry at different AoAs

5.5 Preliminary Results
5.5.1 Performance at AoA=0
In an attempt to determine the optimum geometric configuration of the slot, a series of
computational parametric studies were performed, in which three of the geometric properties
were independently varied, and lift and drag coefficients were calculated. The variables of
interest for these simulations were the first-leg relative length percentage (L1/c), slot width w
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(which was always kept identical between the first and second legs of the slot), and the
deflection angle of the second leg with respect to the first leg, β2. The results of the 14
configurations examined are outlined in Figure 41. The values of the variables treated as constant
in each series of simulations are indicated above the corresponding columns. Note in all of the
cases in this section, the slot first-leg angle β1 is set to zero and h/c=4%. From Figure 41a, it is
evident that all the simulation cases outperform the solid airfoil case regarding the lift
coefficient. This improvement can be as high as 65% for the best case. At a fixed exit angle and
slot width, it is shown that lift coefficient increases with L1.

(a)

(b)
Figure 41 Results of a parametric study on (a) lift, and (b) drag coefficient, as a function of slot first-leg length, slot
width, and the exit angle
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Meanwhile, one can note the very large CD values in part b of the same figure. From the
second set of simulations in Figure 41a and b, it is found that unlike the slot length, the exit angle

β2 does not play a significant role in determination of the lift. However, slots with smaller β2
result in lower drag forces. Therefore, this angle is recommended to remain small in future
investigations. Finally, from the third set of simulations (L1/c=70% and β2=45°), it is found that
wider slots will results in slightly higher lift, but also much higher drag as compared to the
narrower slots. Therefore, it is recommended to keep the slot width as small as practically
possible.
In summary, even though all of the chosen cases result in an improved lift, there seems to be
an inevitable drag penalty. If one’s objective is only to maximize the lift, the fifth case (β2=85°,
w=2 cm, L1/c= 90%) seems to be the optimum solution. However, if the drag has to be taken into
account (i.e., if lift-over-drag ratio is to be maximized), the 11th case (β2=45°, w=0.5 cm, L1/c=
70%) seems more appropriate among the cases studied. Overall, one can conclude that it is better
to keep L1 as large as possible, while keep w and β2 as small as possible.
5.5.2 Effect of Slot Width and First Leg Length
All three quantities explored in the previous section seem to be somewhat influential in the
determination of lift and drag. While other geometric variables can potentially impact the
performance, in this section the variation of lift and drag as a function of only two variables, i.e.,
w and L1 is investigated. Especially, the former is important because it can directly determine the
amount of air flowing through the slot and ejecting from the suction side, and therefore, it can
alter the pressure distribution and flow dynamics around the airfoil. In Figure 42, the simulation
results for turbulent air flow over a slotted airfoil with four different slot widths are presented.
Lift and drag coefficients are obtained for slot widths of 0.5, 1, 2, and 3 cm at AoAs of 0, 2, 4, 6
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and 8 degrees. Same is reported for a solid baseline airfoil without any slot drilled inside. As
discussed earlier, all slot widths prove to be beneficial for improvement of lift at zero AoA,
whereas, at AoA=2°, only the three smallest airfoil widths show higher lifts compared to the
solid airfoil. As AoA increases, the solid airfoil seems to generate more lift and less drag as
compared to any slotted airfoil. This means that using the slots with configurations above cannot
improve the aerodynamic performance of NACA 4412 airfoils at Re=1.6E+6.

(a)

(b)

Figure 42 Performance of slotted airfoils (with c =1 m) with different slot widths in terms of (a) lift coefficient, and
(b) drag coefficient

Similarly, the effect of the slot first-leg length L1 on lift and drag coefficients at Re=1.6E6 is
demonstrated in Figure 43. For AoAs 0° and 2°, all of the slotted airfoils generate higher lift than
the solid one, with the L1/c=90% case showing the best performance. However, at higher AoAs,
the solid airfoil shows a better performance, while all five slot lengths considered seem to have
the same impact. A similar trend is observed for the drag coefficient, where the solid airfoil
comes with the smallest drag, followed by L1/c=90% slotted airfoil, and then the rest of the test
cases. One can justify the inferior performance of the aforementioned slotted airfoils at higher
AoAs by noting that based on the current vertical position of the slots, incoming air streams
cannot enter the slots from the leading edge, and instead they tend to enter the slot from the bend.
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The reverse flow through the slot could alter the pressure distribution over the slot surface and
could generate an undesirable downward force that results in smaller lift coefficient.

(a)

(b)

Figure 43 Performance of slotted airfoils with different first-leg lengths in terms of lift and drag coefficients

Figure 44 shows the local velocity vectors in the spanwise mid-plane near the airfoil for the
two cases with AoAs of 0 and 8 degrees. The other slot parameters are as follows: L1/c=70%,
w/c=2%, β1=0°, β2=85°, and h/c=4%. While the flow pattern in the AoA=0° case (part a) is as
expected, there exists reverse flow in the AoA=8° case (part b). This happens because in the
latter case, the stagnation point is located below the slot’s inlet, and therefore the incoming
streamlines cannot find their way through the slot. However, the condition for entering through
the back end of the slot is quite plausible. This phenomenon explains degradation of the lift at
higher AoAs for the cases with h/c=4%.
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Figure 44 Velocity vectors near a slotted airfoil with L1/c=70%, w/c=2%, β 1=0°, β2=85°, and h/c=4% operating
under (a) AoA=0°, and (b) AoA=8°

5.5.3 Effect of Slot Inlet Angle
To make slots more advantageous for AoAs greater than zero, it is now proposed to adjust
the slot inlet angle β1 according to the incoming flow AoA. In this section, flow around slotted
airfoils with different β1 values is simulated at AoA=4°. The results for cases with β1=0, 4, 8,
and 16 deg are listed in Table 4. The β1=0 case generates the least amount of lift, which is even
less than that of the solid airfoil. As β1 increases, CL continually increases, and it exceeds that of
the solid airfoil. The maximum lift improvement over the solid case is around 3% for the case
with β1=16°. Also, all values of β1 result in almost identical drag coefficients that are only
slightly higher than that of the solid airfoil. Therefore, it is decided to use slots with small tilt
angles in the remaining parts of this research.
slot inlet
angle β1 (deg)

Lift Coefficient

Drag Coefficient

0

0.799

0.0143

4

0.825

0.0144

8

0.827

0.0147

16

0.832

0.0149

solid airfoil

0.808

0.0141

Table 4 Lift and drag coefficients for slotted airfoils with different first-leg angles

5.6 Results and Discussions
In the previous section, results of several simulations were presented. Even though the lift
coefficient seemed to show some improvement as compared to the solid airfoil in the low AoAs,
all of the slotted cases had an inferior performance at higher AoAs. Moreover, there seems to be
a significant drag penalty observed for all of the cases even at low AoAs. After investigation of
the velocity vectors near the slot inlet, it was decided to slightly lower the slot in order to allow it
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to capture more incoming air flow. The parameter h (see Figure 35b) was therefore changed from
4 cm (0.04c) to 5.5 cm (0.055c). Also, based on the findings of the previous section, a very mild
inclination angle (β1=2°) was applied to slot’s first-leg and it was maintained for all simulation
cases, regardless of the value of other geometrical parameters and AoA. The intention was to
help the slots with capturing more incoming air at higher AoAs. Similar to the previous section,
the influence of the five main variables, i.e., slot first-leg length, width, inlet and exit angles, and
vertical position were studied on lift and drag coefficients.
5.6.1

Effect of the First-Leg Length and Slot Width

Figure 45 shows how lift and drag coefficients change with AoA as the first leg length varies
between 10%-80% of the chord length. For all three cases, the slot width and the exit angle of the
second leg are maintained at w/c=0.01 and β2=25°, respectively. Note that all the cases show a
superior performance as compared to the solid airfoil for AoAs as large as 10°. This performance
is a testimony of definitely an improvement compared to the original slot design where the slot
was drilled higher up (see Figure 42 and Figure 43, where the performance of all the slotted
airfoils started degrading at AoA=4° and above). While the three slot lengths considered in
Figure 45 are showing similar behavior; it is decided to use the longest one (L1/c=80%) due to its
slightly higher lift and lower drag especially at higher AoAs). The only drawback of the long slot
would be the need for more ductwork and plumbing in order to implement the slot inside the
airfoil. However, the overall weight and the installation cost are not considered as objective
functions in the present work, and can be items of a future study.

83

Figure 45 Lift and drag coefficients of slotted airfoils with different first-leg lengths, w/c=1%, and β2=25° at
different AoAs

Despite the current findings, there is still room for improvements, so it is decided to explore
the impact of slot width at different AoAs, while setting L1/c to 80%. Slot width is varied in a
reasonable range: w/c=0.25%, 0.5%, 1%, and 2%. For practical reasons, widths beyond this
range are not tested. For instance, for the slots narrower than 0.25% of the chord length in width,
the air passage through the slot may become clogged up as a result of dust accumulation. Lift and
Drag coefficients at different AoAs for various slot widths are presented in Figure 46.

Figure 46 Lift and drag coefficients of slotted airfoils with different slot widths, L1/c=80%, and β2=25° at different
AoAs.

As shown above, the choice of slot width does not play a crucial role in low AoAs as long as
the length is selected properly. For AoAs up to 8°, all the selected widths can result in lift
coefficients that are anywhere between 5-30% higher than the solid counterpart. For higher
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AoAs, however, there seems to be some disagreement between the lift predictions of slotted
airfoils with different widths. For AoAs between 10-14°, while the two narrowest slots still
provide some advantage compared to the solid airfoil, the two widest ones start degrading in
performance. For the highest AoA considered (16°, which is the post-stall condition), only the
narrowest one seem to be better than the solid airfoil.
A similar behavior is observed for the drag coefficient. Airfoils with slot widths of w/c=1%
and 1.5% perform very poorly, while the other two maintain their acceptable performance even
at the AoA=16°. Neglecting the possible issue of clogging the slot, the slotted airfoil with
w/c=0.25% seems to be the best option. This slot provides an average lift coefficient
improvement of 7% (15% for AoA=0°, and 3.25% for AoA=16°) with respect to the solid airfoil
in the entire range of AoA examined, while it yields almost no drag penalty. Comparing the
above results with those from Figure 42 (similar study but with the slot drilled higher up inside
the airfoil) reveals that the slot’s vertical position can have a significant impact on the overall
aerodynamic performance.
To provide more insights into the flow patterns around and through slotted airfoils, the
contours of pressure and normalized velocity (Ui/U∞) are presented in Figure 47. One can note in
part a that the presence of the slot slightly below the stagnation point of the airfoil causes the
high-pressure fluid particles (adjacent to the streamline hitting the airfoil nose) to find their way
through the slot. The flow of the high-pressure air through the slot creates an upward force on the
slot ceiling. Even though a similar force pushes down the bottom surface of the slot, due to the
small difference between the areas of the two surfaces, the net force will remain upward. Also,
the pressure on the top surface (ceiling) of the slot is slightly greater than that of the slot’s floor.
As a result, this contributes to few percent increase in lift. Another phenomenon contributing to
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the lift increase is the effect of the upward thrust force created on the airfoil because of the jet of
air existing downward from the slot.

Figure 47 (a) Pressure contours near the leading edge, (b) normalized velocity contours near the leading edge, and
(c) normalized velocity contours near the trailing edge, for a slotted airfoil with L1/c=80%, w/c=1%, β 1=0°,
β2=80°, and h/c=5.5% at AoA=0°

5.6.2 Effect of the Slot Exit Angle
For a slotted airfoil with L1/c=80% and w/c=0.5%, the influence of the relative exit angle of
the second leg β2 is studied. This angle can alter the pattern of mixing between the slot flow and
the flow on the pressure side near the trailing edge, and therefore can contribute to the lift and
drag coefficients. Three exit angles 10, 25, and 85 degrees are considered, and the force
coefficients are compared against the data from the solid airfoil in Figure 48. For low to
moderate AoAs, there is not a significant difference in the lift coefficients between the cases with
different β2 values. Only at near-stall AoAs (14 and 16 degrees), the larger exit angle seems to
result in a slightly higher lift. The same statement can be made regarding the drag coefficient.
However, since the overall difference between the performance of slotted airfoils with β2=25°
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and β2=85° is not significant, it is decided not to change the exit angle very much in this
research.

(a)

(b)

Figure 48 Performance of slotted airfoils with different relative exit angles β2, with L1/c=80%, and w/c=0.5% (a)
lift coefficient, and (b) drag coefficient

5.6.3 Effect of the Slot Inlet Angle
Comparing the above results with those for the horizontal first-leg (cases with β1=0)
confirms the advantages of tilting up the first leg. In the present section, few more upward tilt
angles are applied to a slotted airfoil, and results are presented for different AoAs in Figure 49.
From AoA 0 to 4°, the horizontal slot and all the upward-tilted slots yield similar lift and drag
coefficients, and they all outperform the solid airfoil. It is, however, beyond AoA=4° where the
horizontal slot design starts degrading in performance, but the airfoils with upward-tilted slots
continue showing better performance compared to the solid one. In fact, for the horizontal slot
design (β1=0), the lift (drag) coefficient becomes even lower (higher) than the baseline solid
airfoil.
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(a)

(b)

Figure 49 (a) Lift and (b) drag coefficients of slotted airfoils with different inlet upward-tilt angles β1, with
L1/c=80%, w/c=0.5%, and β2=25° at different AoAs

In Figure 49, even though the difference between the results of the cases with β1=2, 4, and 6
degrees may seem insignificant (mainly due to scale of the plots), a closer look at the lift-to-drag
ratios of different cases reveals that the choice of the inlet angle indeed can be somewhat
influential for airfoil design. Figure 50 summarizes the lift-to-drag ratio (L/D) values obtained
from the cases with different β1 and at various AoAs. At least for half of the AoAs considered,
there seems to exist an optimum configuration in the middle of the range, i.e., β1=4 seems to be
the best one among the three values considered. For the rest of the AoAs, β1 is not a crucial
factor. In future, it is suggested to keep β1 close to 4 degrees. However, it might be worth
studying few more β1 values such as 3 and 5 degrees, to see if better L/D values can be achieved.

Figure 50 Lift-to-drag ratio versus slot inlet angle β 1 for different angles of attack, for slotted airfoils with
L1/c=80%, w/c=0.5%, h/c=5.5%, and β2=25°
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5.6.4 Effect of the Slot Vertical Position
As mentioned in previous sections, lowering the entire slot such that the slot’s inlet plane is
located slightly below the stagnation point can help with guiding flow through the slot, and
ultimately improve lift and drag. In the present section, the effect of the vertical distance between
slot’s lower lip and a pre-defined point within the airfoil (h; refer to Figure 35b) is studied for
few h values at different AoAs. It is evident from Figure 51 that the original location of the slot
(h/c=4%) is suitable for AoAs less than or equal to 4°, but it results in the lower lift and much
higher drag compared to the solid airfoil at greater AoAs. This undesirable behavior is due the
fact that at higher AoAs, the stagnation point is slightly below the lower lip of the slot, and
therefore the rate of the air flow through the slot is insignificant. The benefit of lowering slot is
also demonstrated in Figure 51b, where it is again shown that all of the lowered-slot cases
maintain a superior performance compared to the solid airfoil as the AoA increases.

(a)
(b)
Figure 51 (a) Lift and drag coefficients, and (b) percentage of lift improvement with respect to the solid airfoil, for
slotted airfoils with different inlet vertical positions h, and L1/c=80%, w/c=0.5%, β 1=2, and β2=25° at different
AoAs

To seek an optimal vertical position, L/D is plotted versus the vertical position h in Figure 52.
Despite the indistinguishable performance of h/c=5.5%, 6% and 7% in Figure 51, it is now
shown that there exists a pseudo-optimum h/c value somewhere between 5.5% and 6%
depending on the AoA. Some insights into the reason behind having an optimal vertical location
is presented as follows: For low values of h/c (such as 4%), the stagnation point is above the slot
89

inlet, and hence, less flow through the slot and a lower lift. On the other hand, at very high h/c
values, the slot’s mouth and the stagnation point are too far apart, and therefore, the pressure of
the fluid particles entering the slot is not as large as the cases where the slot’s inlet is closer to
the stagnation point. Therefore, it is expected to have an optimal h value, somewhere between
5.5% and 6%. Note, however, that this optimum value is obtained for slots with certain values
chosen for other geometrical parameters.

Figure 52 Lift-to-drag ratio for slotted airfoils with different inlet vertical positions h, and L1/c=80%, w/c=0.5%,
β1=2, and β2=25° at different AoAs

One can summarize the physical reasons behind the usefulness of the slots as follows: (1) As
the high-pressure air (immediately below the stagnation point) enters the slot, it exerts a large
upward force to the ceiling (top surface) of the slot. Even though a similar force is applied on the
slot’s floor, one should note that first, the former force is slightly larger than the latter (especially
near the bend), and second, the overall length and the surface area of slot’s ceiling is a bit greater
than that of the slot’s floor. The net force is therefore upward and elevates the lift (both abovementioned points are graphically shown for a slotted airfoil in Figure 53); (2) The downward
vertical component of the flow exiting the slot can generate a net upward reaction force on the
airfoil, due to the conservation of the momentum. However, because of the small magnitude of
the flow rate through the slot, this phenomenon may not be as influential as the first one.

90

Figure 53 Pressure distribution on the top and bottom surfaces of a slot with L1/c=10%, w/c=1%, β 1=2°, β 2=25°
and h/c=5.5% with AoA=6°

5.6.5 Operation at Different Reynolds Numbers
To gain information about the scalability of the proposed methodology and the results
presented so far, it is desired to study the effect of the Reynolds number on the aerodynamic
performance of slotted airfoils. Based on what is determined so far, one of the most suitable slot
configurations (with L1/c~80%, w/c=0.5%, h/c=6%, β1=2°, and β2=25°) is chosen, and the force
coefficients at different AoAs are obtained not only for the baseline Re, but at Reynolds numbers
twice and four times as large. One can see in Figure 54 that the difference between the data for
the two smaller Re values is not much significant. However, the performance of the slotted
airfoil degrades at the highest Re value, especially at AoAs greater than 4°. Despite the
differences observed, the trend of the data is the same between the three cases. The maximum lift
value is located at AoA=14° and the maximum lift-to-drag ratio is seen at AoA=6° for all three
Reynolds numbers considered.

(a)

(b)
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(c)
Figure 54 (a) Lift coefficient, (b) drag coefficient, and (c) lift-to-drag ratio for slotted airfoils with different
Reynolds numbers, and L1/c=80%, w/c=0.5%, h/c=6%, β1=2, and β2=25° at different AoAs.

5.6.6 Experimental Results
To demonstrate that slots are not only beneficial in computational analysis, a series of
experiments were conducted at UWM wind tunnel, and the lift coefficients were determined for a
solid and a slotted airfoil. The wind tunnel mean velocity was around 9 m/s. As shown in Figure
55, for all of the AoAs where the measurements were taken, the slotted airfoil either matches or
outperforms the solid airfoil. This again confirms the suitability of leading-edge slots for
improving the aerodynamic performance of NACA 4412 airfoil at various AoAs.

Figure 55 Lift coefficient determined experimentally for the solid and the slotted airfoils tested in wind tunnel at
three different AoAs

5.7 Conclusion
The feasibility of using leading-edge slots for improvement of the aerodynamic performance
of a cambered airfoil was investigated. After validation of the CFD results using both the
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literature data and wind tunnel tests, it was observed that a properly designed slotted airfoil could
improve lift under certain conditions. The influence of slot’s first-leg length, slot’s width, slot’s
upward tilt angle, slot’s exit angle, and slot’s vertical position were studied at different AoAs.
Slot’s width was varied in a reasonable range, and it was shown that in general, as the width
decreases, the lift coefficient increases while drag does not change significantly. Therefore, a
small width of w/c=0.5% was chosen and maintained for the majority of the remaining
investigations in this chapter. Next, the impact of slot’s first-leg upward tilt angle β1 was studied
and it was shown that even a small tilt angle can improve the lift and drag characteristics of a
slotted airfoil for the entire range of AoA considered. Finally, the position of the slot was varied
in the normal direction, and it was shown that lowering the slot from its original position (with
h/c=4%) improves the performance of the airfoil. Plots of L/D vs h/c revealed that the mid-range
values of h/c=5.5%-6% is better than the two end values.
In addition to the computational investigations, the usefulness of slots was also demonstrated
by conducting a series of wind tunnel tests on two 3D-printed airfoils, one solid and one slotted.
Lift coefficients were determined for each airfoil at several AoAs, and it was found that the lift
coefficient of the slotted airfoil is in general greater than that of the solid one.
The main conclusion of the present work based on both CFD and experimental results is that
by appropriately adjusting certain geometrical parameters of the airfoil, it is possible to reach a
configuration that results in improved lift coefficient with respect to the baseline solid airfoil,
without sacrificing the drag.
Now that the main influential design variables are identified, it is proposed to conduct a set
of Design of Experiment and multi-variable optimization studies, in which those variables are
defined in reasonable ranges to seek the best design point. The objective function will be either
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lift coefficient or lift-to-drag ratio. More complex objective functions can be defined after
considering variables such as the additional weight associated with the required duct work, and
the cost of installation and maintenance. Note that the optimization will be carried out only at
AoA of 6 degrees, which is the peak of the L/D vs. AoA curve, and therefore, the nominal AoA
for wind turbine blades operating with NACA 4412 airfoil profile. However, once the framework
of optimization is established, one can repeat the procedure for other AoAs if desired. Results of
the design of experiment (DoE) and optimization studies on slotted airfoils is presented in the
next chapter.
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Chapter 6 Slotted Airfoil Multi-Variable Analysis
6.1 Introduction
In the previous section, results of several single-variable parametric studies on various
geometrical properties of a slotted airfoil were investigated for operation at certain Reynolds
numbers. Even though the preceding results can provide valuable insights into the performance
of the slotted airfoils and sensitivity of lift and drag to different parameters, it is necessary to
conduct another study in a multi-variable fashion to examine the interplay of different variables.
To this end, a step-by-step approach is followed, where three sets of design-of-experiment (DoE)
studies each with two independent variables are carried out, and a response surface (RS) best
fitting the data points is obtained for each case. The information gathered after each DoE study is
used in subsequent steps to decide (a) whether a geometrical parameter should be treated as
constant or variable, and (b) what constant value or range of values it should take. Note the
forthcoming methodology can develop a framework, which allows future investigators to
optimize any objective function relevant to slotted airfoils (as well as airfoils with any other
geometrical alterations) under various operating conditions, e.g., different AoAs or different
Reynolds numbers. Depending on the application, the objective function can be lift, drag, or liftover-drag (LoD), each with or without considering additional parameters such as weight,
installation cost, etc.

6.2 Methodology
To find the simultaneous impact of different geometrical parameters, three DoE studies each
with two independent variables are defined and executed. The reason behind choosing two
variables was to help with visualizing the results using response surfaces. There are different
types of DoE commonly used in optimization studies, and some of them are briefly outlined
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below. Moreover, a brief description of the SHERPA optimization algorithm is presented in the
subsequent subsection.
6.2.1 Two-level and Three-level Factorial Design
In the two- and three-level factorial designs, a valid range is first defined for each
independent variable, and the minimum and maximum values that each variable can take are
identified. For the three-level design, the midpoint values are identified as well. Throughout the
study, each variable can only take those 2 (or 3) discrete values. Therefore, for a study with n
independent variables, the total number of experiments conducted for a two-level factorial design
will be 2n, and for a three-level design will be 3n. As an example, the 8 total experiments for a
two-level design with three variables A, B, and C are outlined in Table 5, where + and – signs
indicate the maximum and minimum value of each variable, respectively.
Experiment
Number
1
2
3
4
5
6
7
8

A

B

C

–
–
–
–
+
+
+
+

–
–
+
+
–
–
+
+

–
+
–
+
–
+
–
+

Table 5 An example of a two-level factorial design for a study with three variables

6.2.2 Central Composite Design
Even though the three-level factorial designs provide a good set of data points in the design
space, it is usually difficult to afford such designs even for small number of independent
variables. For instance, for n = 6, there needs to be 36 (729) experiments defined. A common and
well-accepted compromise that reduces the number of experiments to close to the two-level
factorial design is the central composite design (CCD). A Central composite design is a factorial
design with center points, augmented with a group of axial points (also called star points) that let
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the user estimate the curvature of the fitted surface. Those axial points are positioned in the
design space such that their distances to the central point is typically the same as the distance
between any other design point and the central point. The CCD is composed of the 2n points of
the two-level full factorial design with all the variables at their extremes, plus the nominal design
located at the center of the domain (the origin), plus the additional 2n points obtained by starting
from the central point and then moving one design variable at a time by an amount α. Figure 56
show the central composite design for n = 2 and n = 3. The value of α chosen in this figure is
such that all the points outside the origin are of the same distance from the origin, so that a
spherical design space is formed. This placement of the points is at the higher end of the typical
choice for α; smaller values can be also used. CCD and another similar well-known DoE method
Box-Behnken Design (BBD) are fully described in many references (Myers, 1971; NIST, 2017;
etc.), and are not repeated here.

(a)
(b)
Figure 56 Schematic diagrams of central composite design for (a) n=2 and (b) n=3

6.2.3

Latin Hypercube Design

Latin hypercube sampling (LHS) is a statistical method for generating a near-random sample
of parameter values from a multi-dimensional design space. The sampling method can be used to
construct computer experiments for different disciplines of science, or even for use in Monte97

Carlo simulations. The LHS was first described in 1979 (McKay et al., 1979) and was further
developed in the following decades (Iman et al., 1981; Tang, 1993; etc.).
In statistical sampling, a square domain containing sample positions is called a Latin square
if there is only one sample in each row and each column. A Latin hypercube is the generalization
of this concept to an arbitrary number of dimensions, where each sample is the only one in each
axis-aligned hyperplane containing it. When sampling a function of n variables, the range of each
variable is divided into m equally probable intervals. The number of m sample points are then
placed to satisfy the Latin Hypercube requirements.
Note that within each hypercube (or: cell), there exists only one sample, and the exact value
of each of its variables is determined randomly. Furthermore, within the family of LHS design,
there are different methods. In a fully-random LHS, one cannot completely control the
distribution of the data points within the design space. Therefore, there is a chance of seeing
large ‘holes’ in the domain. To overcome this issue, LHS design is typically accompanied by a
procedure that will optimize it to avoid large holes. Figure 57 compares two designs with 9
points. The left distribution is a fully random LHS, and the right one is an LHS optimized to
maximize the minimum distance between points. Note the random LHS design has substantial
empty regions near the top right and bottom left corners, while the optimized LHS design has a
more uniform coverage. Different software packages use different techniques to optimize the
configuration of the design space. For instance, in MATLABTM, the lhsdesign command that is
used for generation of an LHS design space can be called with three different ‘criterion’ flags,
i.e., maximin (which maximizes the minimum distance between points), correlation (which
attempts to reduce the correlation between all the data points, so they are not following an
obvious trend, such as a linear or quadratic curve), and none (Mathworks, 2017).
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Figure 57 An LHS design with 9 total points

6.2.4 SHERPA Optimization Algorithm
SHERPA is a proprietary hybrid and adaptive optimization algorithm that is developed by
Red Cedar Technology, and is available in their design optimization tool HEEDS. Since the
acquisition of Red Cedar Technology by CD-adapco in 2013, HEEDS has been included within
the Optimate+ module of Star-CCM+ package. SHERPA stands for “Simultaneous Hybrid
Exploration that is Robust, Progressive and Adaptive”. Since it is a hybrid method, during a
single search, SHERPA examines a variety of available search algorithms simultaneously, and
decides on which specific method to use during that particular step of the search. This algorithm
takes advantage of the best attributes of each method, and reduces a method’s participation in the
search if and when it is determined to be ineffective. Some of the algorithms used within the
SHERPA framework are genetic algorithm, simulated annealing, nonlinear sequential quadratic
programming, and response surface method, which are all among the most commonly used
optimization methods.
In SHERPA, a combination of global and local search methods is used, with the number of
different methods used at any step being anywhere between two and ten. Each individual method
contains tuning parameters that are modified automatically over the course of the search based
on the information gained about the nature of the design space. This evolving knowledge about
the design space also determines when and how much each method should be used. In other
words, SHERPA efficiently learns about the nature of the problem and adapts to it. It is shown in
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the developer’s white paper (Red Cedar Technology, 2017) that this method can work more
efficiently than several other non-hybrid optimization algorithms for the problem of optimizing
the cross-section of an I-beam to deliver a minimum mass, while satisfy stress and deflection
constraints. One benefit of this method is its very low user demand, i.e., the user does not need to
have much knowledge about the design space, or know about any tuning parameters. The user
only needs to provide the total number of evaluations for the optimization study.
There are several other studies reported in the literature that have utilized this methodology,
including multi-objective optimization of a gas turbine combustor design (Maurya et al., 2014),
optimization of natural convection heat suppression in a solar cavity receiver with plate fins
(Ngo et al., 2015), and investigation of the global minima for five benchmark mathematical
problems such as Goldstein-Price and Rosenbrock’s Valley functions (Chase et al., 2015).
Note that due to proprietary nature of SHERPA, no further details regarding the exact criteria
for switching between the individual optimization methods at each step are available online.

6.3 DoE Problem Description
As discussed previously, there are five main geometrical parameters that need to be
examined in terms of their influence on lift or LoD. A step-by-step approach is followed, where
three pairs of variables, i.e., L1&w, β1&β2, and L1&h are investigated one after another, and
response surfaces best fitting the set of data are created for each study. The ranges chosen for
each variable is presented in Table 6.
Variable

Min

Max

First-leg length, L1/c

0.15

0.85

Width, w/c

0.0025

0.02

100

Inlet angle, β1

90 deg

96 deg

Exit angle, β2

15 deg

85 deg

Vertical position, h/c

0.04

0.07

Table 6 Ranges of the values taken by five geometrical variables in the DoE study

The procedure for setting up a DoE study in Optimate+ environment is briefly outlined below:
•

Specify the type of study (Design Sweep, DoE, or Optimization)

•

Define the independent variables with their respective ranges

•

Define the objective function, the goal (maximize vs. minimize) and constraints (if
applicable)

•

Decide on the number of studies or evaluations, number of CPU cores, and number of
simultaneous jobs running

•

Perform individual CFD simulations, and post-process the data when all simulations are
finished

For each study/evaluation, the main Star-CCM+ solver is called with the specified values for
the independent variables (which are typically geometrical parameters, but other variables such
as inlet velocity value, and AoA are allowed as well), a new mesh is generated, solution is
initialized, and the governing equations are solved until the desired convergence level is
achieved for all of the quantities of interest. Note in addition to the typical monitored quantities
(continuity, x-momentum, y-momentum, z-momentum, and turbulent kinetic energy TKE) which
all had the convergence criterion of 1E-6, two additional quantities (lift force and LoD) were
monitored. Those two new quantities were assigned asymptotic stopping criterion, meaning that
maintaining the amplitude of fluctuation of less than 0.05 (with the units of N for lift, and
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dimensionless for LoD) over the past 200 iterations would mean a convergence. These two new
criteria were conjoined bitwise (ANDed) with other existing stopping criteria.
For the current studies, the study type was set to Design of Experiment with Latin Hypercube
method (the other available options were two-level and three-level factorial designs), the
objective function was set to LoD, and the goal was set to maximize. Number of studies were
either 10 or 12, number of CPU cores was set to 10 (for a desktop workstation with 12 Intel®
Core™ i7-5930K cores, each with 3.50 GHz speed, and with 32.0 GB RAM), and the number of
simultaneous jobs was set to 1. Note than the minimum number of evaluations for a valid DoE
study with n variables in (n+1)(n+2)/2, which would be 6 for studies with two variables. Figure
58 shows two of the sample LHS designs in the 2D spaces created for the forthcoming DoEs.
One can note the random distribution of the data points in both domains.

(a)
(b)
Figure 58 Distribution of the data points in the current DoE study for (a) 10 evaluations considered for L1&w study,
and (b) 12 evaluations considered for β1& β2 study

6.4 Results and Discussions
The results of the DoE studies on a NACA 4412 slotted airfoil with five main geometrical
variables is presented in the following subsections. Operation at two AoAs and two Reynolds
numbers are investigated.
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6.4.1 DoE at Re=1.6E6 and AoA=6 deg
The AoA of 6° is chosen because it is where the peak of the LoD vs. AoA curve is located
(Burton et al., 2011). Moreover, for wind turbines tested previously at UWM wind tunnel lab, the
effective AoA has generally been in the 6°±2° range.
6.4.1.1 Slot’s width and the first-leg length
The first set of response surfaces (RS) belongs to lift force and LoD for dimensionless firstleg length (L1/c) and width (w/c). Results are presented in Figure 59. As the first-leg length
increases, the lift force increases. This is mainly because within the slot, the pressure of the top
surface is slightly greater than that of the bottom surface, possibly due to the impingement effect
of the entering air stream. As L1 increases, so does the overall surface area, and that causes
having a larger net upward force in longer slots compared to shorter ones. However, the trend of
width is somewhat dependent on the length. For shorter slots, lift force increases with slot’s
width. But as the length increases, there seems to emerge a peak in the lift vs. width curve.
As shown in part (b) of the same figure, LoD surface has a very different trend compared to
the lift force. The only firm conclusion that can be made is that LoD increases as the width
decreases. Length, however, shows different behavior at different L1 value. For large and
medium widths (where the LoD values are not desirable), there seems to be a valley (local
minimum) in LoD vs. L1 curve. As width decreases and more suitable LoD values are achieved,
LoD seems to be only weakly dependent on L1, and in some cases, there exist local maxima in
L1/c=0.2~0.4, depending on the width. If the objective function is LoD, it is hence recommended
to keep the width small, and set the length based on the practical issues and other constraints.
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(a)
(b)
Figure 59 Response surfaces fitted to (a) lift and (b) LoD data points for a DoE study on L1/c and w/c

6.4.1.2 Slot’s inlet and exit angles
The RSs fitted to the lift and LoD data points of the DoE study on β1 and β2 are presented in
Figure 60. The general trend is that as the exit angle (labeled as ‘AngleL2’ in the same figure)
decreases (which means streams leaving slot become more aligned with the main stream flowing
below the airfoil), both lift and LoD consistently increase. The inlet angle (AngleL1), however,
does not seem to be very influential in determination of either lift or LoD. After a closer look,
one might decide to keep the inlet angle closer to 90 (which means horizontal first-leg) or 92, as
it provides slightly higher LoD.
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(a)
(b)
Figure 60 Response surfaces fitted to (a) lift and (b) LoD data points for a DoE study on β1 and β2

6.4.1.3 Slot’s vertical position and the first-leg length
Out of the four variables investigated so far, it seems L1 and β2 can result in more pronounced
changes in lift and LoD. In Figure 61, results of another DoE study on L1 and the final variable
of interest h is presented. As was determined previously in Figure 59, lift generally increases
with the first leg length. Also, depending on the chosen length, the lift force either increases
continuously with h, or reaches a maximum and flattens out afterwards. LoD, on the other hand,
shows a different trend. The RS fitted indicates that for any length value considered, there exists
a peak in the LoD vs. h curve, somewhere in the mid-range. This optimal value mildly decreases
as L1 increases. Therefore, the value of h/c around 5~6% as found previously seems to be an
appropriate choice. As shown below, this RS has a local (not global) minimum, corresponding to
medium to large L1 values and medium to large h values.
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(a)
(b)
Figure 61 Response surfaces fitted to (a) lift and (b) LoD data points for a DoE study on L1/c and h (labeled as
InBelowCp in the figure)

6.4.1.4 Optimization using SHERPA
The main take-away of the three DoE studies reported above is that the three most influential
geometrical variables are L1, h, and β2. Moreover, by properly choosing those variables, an LoD
up to ~65 can be extrapolated from the fitted RSs for a slotted airfoil at AoA=6 deg. Note the
LoD of the solid airfoil counterpart is only around 59, so there is at least 10% improvement in
LoD, if the slot parameters are chosen properly. To seek a more optimal solution, SHERPA
optimization algorithm is utilized as well. The ranges of the five variables of interest are
determined after taking into account the following two issues:
(a) From the three DoE studies carried out earlier, the more appropriate and narrower ranges of
the 5 variables resulting in the largest LoD values are identified. Those ranges are used as
guidelines to determine the ranges to use for the optimization routine.
(b) Before specifying the lower and upper bounds of each variable, the actual geometry of the
slot within the airfoil was generated in Star-CCM+ and reviewed carefully. In some
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occasions, those ranges were further confined to ensure the slot “fits” properly in the airfoil,
and no undesirable geometrical deformation can occur.
The final ranges of the 5 variables considered in this study are presented in Table 7. Also
shown is the Resolution that indicates the number of discrete values of each variable uniformly
spaced between the respective minimum and maximum values. Note the resolution for width is
significantly less than the rest of the variables, as it was shown repeatedly in preliminary studies
that the optimum width is near the lower bound considered. The total of 40 evaluations (each
with a different design ID) were decided and the optimization routine was started.
The convergence criteria for individual CFD simulations were set to be the same as those
used for the DoE studies. As shown in Figure 62,the algorithm starts with a relatively small LoD
for the first few designs. However, after about 14 evaluations, it reaches the maximum LoD of
65.4, which is slightly better than what predicted by DoE. From that point on, the algorithm
perturbs the independent variables one after another in an attempt to seek a better design.
However, most of the following designs result in LoDs between 64 and 65.3, which can ensure
us that the maximum LoD point is achieved. A closer look at the design IDs with highest LoDs
reveals that they all have relatively small length, small width, small β2, and mid-range h and β1
values. It is now recommended to repeat the optimization algorithm for a slotted airfoil under
different operating condition.
Variable

Min

Max

Resolution

First-leg length, L1/c

0.15

0.65

201

Width, w/c

0.005

0.009

33

Inlet angle, β1

0 deg

6 deg

81

Exit angle, β2

18 deg

80 deg

125

107

Vertical distance, h/c

0.046

0.07

201

Table 7 Range of the values taken by five geometrical variables in the SHERPA optimization study

Figure 62 The objective function LoD monitored in the optimization study with a maximum of 40 evaluations

6.4.2 DoE at Re=1.6E6 and AoA=8 deg
To check the effect of AoA on the behavior of LoD as a function of the five main variables,
the DoE studies of the previous section are repeated at AoA=8 deg. The statistical analysis
software package, TableCurve 3D v4.0 is used for this purpose. CFD simulations with different
geometrical configurations are executed one after another in Star-CCM+, and then the converged
values of lift, drag, and LoD are imported in TableCurve to create the response surfaces. Figure
63 shows the RSs fitted to the three sets of data. Comparing the results with those obtained for
AoA=6 deg reveals a similar behavior. For instance, smaller widths definitely result in higher
LoD, while length does not seem to have much of an influence. Referring to part b of the same
figure, again, the smaller exit angles are more suitable, while the inlet angle may or may not
yield an optimum value. Finally, the LoD vs. h curve seems to be very steep in the smaller value,
but then it shows a somewhat optimum value near the midpoint, roughly around h/c=0.055,
which is consistent with the previous findings. These results confirm the scalability of AoA=6
results.
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(a)

(b)

(c)
Figure 63 Response surfaces fitted to LoD data points for a DoE study with Re=1.6E6 and AoA=8° on (a) L1/c and
w/c, (b) β1 and β2, and (c) L1/c and h/c

6.4.3 DoE at Re=3.2E6 and AoA=6 deg
Effect of Reynolds number on the overall predictions is studied briefly here. The baseline
AoA of 6° is considered along with a Reynolds number, twice as large as the baseline Re. In
Figure 64, only the LoD surfaces are shown for the three DoE studies similar to the previous
sections. As shown in part a of this figure, the dependence of LoD on L1 and w is very similar to
what observed in previous sections for AoA=6°. That means LoD consistently increases as w
increases, but it is not a very strong function of L1. Similarly, the inlet and exit angles seem to
have similar effects to what they showed for AoA=6°, e.g., in Figure 63b and Figure 60b. As for
the dependence of LoD on L1 and h (Figure 64c), there seems to be some disagreement with the
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previous cases. Although h has an optimal value, it appears that the low values of L1 are no
longer very suitable. In other words, depending on the h/c chosen, perhaps L1 values between
0.3~0.4 may be more appropriate. Nonetheless, there seems to be a general similarity between
the findings of the high-Re case with the baseline case.

(a)

(b)

(c)
Figure 64 Response surfaces fitted to LoD data points for a DoE study with Re=3.2E6 and AoA=6° on (a) L1/c and
w/c, (b) β1 and β2, and (c) L1/c and h/c

6.5 Conclusion
In this chapter, the parametric study on the five main geometric parameters of the slot was
taken to the next level by considering the simultaneous effect of two or more variables on lift
force and the lift-over-drag ratio, LoD. Some of the common methods of DoE were briefly
introduced and the method of Latin Hypercube Sampling was further described. Three DoE
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studies each with two independent variables were defined, and the random data points in the
design space were identified. Simulations were carried out for Re=1.6E6 and AoA=6 deg. For
those DoE studies, it was concluded that while slot width and inlet angle are not very influential,
the proper selection of the three remaining variables, i.e., L1, β1 and h can have a significant
impact on both lift and LoD. The DoE studies were followed by a full-blown optimization
routine on all 5 variables, with slightly modified ranges. It was determined that a similar
maximum LoD can be achieved by using an optimization algorithm.
The DoE study was repeated for the case of AoA=8° and Re=1.6E6, and another case with
AoA=6° but with Re=3.2E6. In general, the results from the three cases were similar, which
shows the scalability of the findings. Gaining confidence about the robustness of the DoE and
optimization studies conducted, it is recommended to repeat this procedure if the operation of
different airfoils or different add-on features are to be studied.
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Chapter 7 Slotted Wind Turbine Blade Analysis
7.1 Introduction
In the previous sections, flow around and through a limited-span slotted airfoil was studied.
The influence of different geometrical parameters on lift and LoD was investigated. To study the
feasibility of using slots on wind turbine blades, in the present chapter, a set of CFD studies are
carried out on a laboratory-scale HAWT whose blades are equipped with a multi-segment slot
that covers a large portion of the blade span. Operation of the wind turbine under two different
operating conditions (with different rotation rates and incoming air velocities) is investigated.
Results are compared against those obtained from a study on a similar HAWT with solid airfoils
(without any slot). Moreover, the estimated mechanical power for each case is compared with the
data collected from a wind tunnel test on the same wind turbine.

7.2 Problem Description
Figure 65 shows the computational domain and the blade used for the analysis of turbulent
air flow around a three-blade slotted HAWT. To save on the computational cost, only one-third
of the long cylindrical domain (a 120-deg sector) is modeled, where a single slotted blade
attached to one-third of the hub is mounted on the centerline. Air with a uniform axial velocity
enters the domain from the left boundary, it passes around and through the blade, and leaves the
domain from the right surface. Same analysis is done for a baseline solid blade.
The velocity of the entering air is set to either 5.3 or 7.7 m/s, and the rotational speed of the
blade is 80 or 167 rad/s. These combinations of the input values were chosen due to three main
reasons: (a) to deliver a reasonable and common TSR, (b) to result in the effective AoA of
around 6 degrees, corresponding to the peak of the LoD vs. AoA curve, and (c) to match with the
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operating conditions used in a previous experimental study (Alsultan, 2015), so as to compare
the results.
As explained in section 2.2 of the dissertation, the effective AoA of a rotating blade at every
spanwise location is dependent on several independent variables, and is determined by using an
iterative procedure. Table 8 shows the converged values of AoA, and the two induction factors a,
a’ for the case of Uin=7.7 m/s and ω=167 rad/s for three spanwise locations along the blade. Note
the input values were chosen such that TSR is at a near-optimal value of 6.7. As shown below,
the final values of AoA are centered around 6 degrees, which is the desired value. Moreover, the
final values of a are very close to 1/3, which is the ideal theoretical value, per Betz’ calculations
(Burton et al., 2011). For each case, there were approximately 10 iterations needed before the
final values were achieved.

Inputs

Converged Outputs

U (m/s)

Twist Angle (°)

ω (rad/s)

TSR

r/R

chord (m)

a

a'

7.7
7.7
7.7

15.0
5.1
1.5

166.42
166.42
166.42

6.7
6.7
6.7

0.25
0.5
0.75

0.048
0.023
0.016

0.352
0.316
0.315

0.082
0.016
0.007

Effective
AoA (°)
5.06
6.25
6.46

Table 8 The converged calculated effective AoA and induction factors at three spanwise locations along a rotating
blade (R=31 cm)

As before, the airfoil profile chosen for the blade is NACA 4412 throughout the span, and
the blade is equipped with four equal-length slots drilled along the span. A close view of the
slotted blade CAD model is provided in Figure 65, while the laboratory-scale wind turbine made
with 3D-printed slotted blades is depicted in Figure 33. The total length of the blade R is 31 cm,
with the maximum chord length of 5.1 cm near the hub, and with the maximum twist angle of
43.74° at the hub, and 0.56° at the tip.
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Figure 65 Computational domain chosen for study of the slotted wind turbine blade: (left) the one-third cylindrical
domain, and (right) the CAD model of the slotted HAWT blade

7.3 Model and Mesh Setup
As shown in Figure 66, the velocity inlet boundary condition was imposed at the inlet
boundary as well as the ‘top’ boundary (with the direction being normal to the inlet boundary),
and the turbulent intensity of 1%. Pressure outlet boundary condition was assigned to the outlet
surface, where the gauge pressure was set to 0. The two side surfaces of the 120-degree domain
were given periodic BCs. Moreover, for steady-state RANS-based k-ω simulations, a moving
reference frame function in Star-CCM+ was considered in the calculations, so as to implement
the rotation of the domain, and to avoid using more complicated strategies such as the sliding
mesh. In other words, the blade was considered stationary, and the entire fluid region was given
a rotational velocity component. Note for unsteady simulations, Rigid Body Motion was
considered.
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pressure
outlet

velocity
inlet

blade wall

periodic

(a)

(b)

(c)
(d)
Figure 66 (a) Schematic diagram of the computational domain and the BCs, (b) near-blade grid structure at a
cross-section covering the entire blade span, (c) near-blade grid structure at a cross section located at one-third of
the blade height, and (d) near-blade grid structure at a cross-section located at two-third of the blade height

Grid generation was accomplished in Star-CCM+. A Structured Mesh strategy (called
Trimmer) with hexahedral element type was employed throughout the domain, and the near-wall
surfaces were given additional 10 prism layers (with the growth ratio of 1.3) to properly refine
the mesh. The thickness of the first layer of the cells off the solid surfaces was selected such that
the average y+ of ~0.36 is observed near the blade and hub surfaces. The total number of
elements was ~7.97M. Three different views of the mesh generated near the blade surface are
provided in parts b, c, and d of Figure 66. Furthermore, distribution of the converged y+ on the
blade surface after a LES study is displayed in Figure 67.
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For steady simulations, the k-ω SST turbulence model was employed for resolving the
turbulent terms in the momentum equation. A coupled solver with Bounded-Central
discretization in space was used for both steady and unsteady simulations. For unsteady
simulations, LES with WALE (Wall-Adapting Local Eddy-viscosity) sub-grid scale model
(Nicoud and Ducros, 1999) was used. The time-step size was set to 2 µs, and a second-order
temporal discretization was employed.

Figure 67 Distribution of y+ on the surface of the blade and the hub

7.4 Results and Discussions
7.4.1 Velocity and Pressure Distribution
The following figures show the distribution of velocity and pressure contours at different
cross-sections of the domain. In Figure 68, distribution of pressure at a cross-section of the blade
located at approximately one half of the blade length is investigated. Due to the slot
configuration, there seems to be two distinct stagnation points, one at the expected location
(airfoil nose), and the other one inside the slot. The overall distribution of pressure around the
blade is reasonable, with higher values observed on the bottom surface, and lower values seen on
the top surface.
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Figure 68 pressure distribution at a radial cross-section of the blade at about one half of the blade length after 3.0s
of the operation

Similarly, the contours of velocity magnitude at two different sections of the domain is
shown in Figure 69. Parts a, b, and c of the figure show distribution of velocity in the near blade
region, at a radial cross-section located at approximately one-half of the blade length. The
separation region on the suction-side can be easily detected. Also, note the large velocity values
for fluid flow through the slot. In Figure 69d, the velocity contours on a vertical mid plane are
shown (note the instantaneous position of the blade, which is out of the plane). As expected, the
velocity deficit is clearly observed downstream of the blade. After a certain distance downstream
of the blade, flow velocity recovers.

(a)

(b)

117

(c)

(d)

Figure 69 (a) distribution of velocity magnitude at a radial cross-section at about half of the blade height; view from
the top of the blade, (b) same as part a, but view from the bottom of the blade, (c) same, showing the entire nearblade region, and (d) velocity contours at a vertical mid-plane of the domain

7.4.2 Torque and Power
The mechanical torque (or moment) generated by the wind turbine blade is calculated by the
solver and the steady-state value is obtained. For operation with the inlet velocity U of 5.3 m/s
and the rotational velocity ω of 80 rad/s, as well as for the case with U=7.7 m/s and ω=167 rad/s,
the torque and the corresponding mechanical power - as defined in Eq. (3.22)- are calculated for
both solid and slotted blades, and the results are presented in Table 9. Also presented are the
electrical power generation measured in a wind tunnel study at UWM with a matching-size wind
turbine and very similar operating conditions (Alsultan, 2015; Appendix Tables therein). Those
electrical power values are obtained for several different values of the resistive load applied in
the electrical circuit. The resistances between 0.2Ω - 2Ω were tested. As shown in Table 9, there
is a good agreement between the CFD predictions and the experimental data for both solid and
slotted blades. The CFD values are slightly larger, which can be attributed to different sources of
power loss in the experimental setup, such as the mechanical losses due to the blade surface
roughness, and losses in the generator, wiring, and connections. It is confirmed from both CFD
and experimental studies that the slotted blade consistently generates more torque and power as
compared to the solid blade.
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Case

Torque

Power

Power (Expt.) [W]

(CFD) [N.m]

(CFD) [W]

Avg. (min , max)

U=5.3 m/s &

Solid blade

0.0258

6.19

4.12 (1.69 , 8.13)

ω=80 rad/s

Slotted blade

0.0281

6.72

5.07 (2.07 , 10.37)

U=7.7 m/s &

Solid blade

0.067

33.56

17.86 (6.88 , 31.90)

ω=167 rad/s

Slotted blade

0.075

37.57

18.80 (6.21 , 33.93)

Table 9 Torque and the power generated from both CFD and wind tunnel experiment

7.5 Conclusion
In the present chapter, leading-edge slots were drilled in the blades of a laboratory-scale
HAWT. CFD simulations were carried out for a solid and a slotted blade. The pressure and
velocity contours at certain locations in the near-blade region for the slotted case were presented.
The torque generated by the blade as a results of the pressure and shear forces on the blade
surface were calculated and reported for each case. It was determined that for an operating
condition typical for a small wind turbine rotating inside the UWM wind tunnel, the slotted blade
generated approximately 10% higher torque and power. The results were also compared against
the experimental measurements made during wind tunnel studies on solid and slotted HAWTs
running under the same operating conditions. There is an acceptable agreement between the
trends of the two sets of results. While other operating conditions and other slot configurations
can be studied in future, the current findings prove the concept of using leading-edge slots for
application on wind turbines.
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Chapter 8 Overall Conclusions and Recommendations

In the present dissertation, the feasibility of using a novel hybrid turbulence model along
with application of a geometrical alteration on airfoils was studied comprehensively. As the first
part of this study, the possibility of improving near-wall predictions of CFD simulation in the
near-solid-surface region of a flow domain by using a modified turbulence model was examined.
Algebraic Stress Model (ASM) was introduced as a modification of RSM. It was first shown that
the proposed model replicates the results of fully-converged RSM for the problems of 2D flow
over a flat plate, and 3D flow around a rotating wind turbine blade. Then, this model was
carefully combined with a hybrid LES-RANS scheme (i.e., DES) within the framework of StarCCM+ software package by developing an additional MATLAB code. For the problem of
turbulent flow around a limited-span airfoil, it was shown that the proposed model could show a
slightly better performance as compared to the baseline DES for prediction of near-wall
velocities and surface pressure. More details on this model are provided elsewhere (Beyhaghi
and Amano, 2017c).
In the second part of the dissertation, one special type of geometrical modification for wind
turbines and airfoils, i.e., leading-edge slot was investigated through numerical simulation and
laboratory experiments. Although similar slots were designed and employed for aircrafts, a
special slot with a reversed flow direction was drilled in the leading edge of a sample wind
turbine airfoil to study its influence on the aerodynamic performance. The slot configuration was
determined by its five main design parameters, i.e., the first-leg length, slot’s width (which was
considered constant throughout the slot), inlet angle, relative exit angle, and the vertical location.
Note there may be few other design configurations that one can investigate (such as applying
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expansions at slot’s inlet and exit planes, and single-leg slots), but they can be subject of future
studies. The objective here was to vary the five main geometrical parameters of slot and
characterize the performance improvement of the hybrid design under different operating
conditions. First the lift and drag coefficients of the slotted airfoil with different combinations of
length, width and the exit angle were studied at AoA=0. Despite the improvement in lift, all
cases suffered from drag penalty. A similar (or even worse) behavior was observed at higher
AoAs. As a result, slot was lowered in its entirety, and was assigned a mild upward tilt angle.
The following numerical investigations revealed an improved performance over the entire range
of AoA considered, mainly between 0-14 deg.
Later, the influence of all five parameters were examined in a series of single-variable
parametric studies, and the corresponding pseudo-optimal values were obtained. The main
conclusion was that by properly adjusting certain geometrical parameters of the airfoil, it is
possible to reach a configuration that results in improved lift coefficient with respect to the
baseline solid airfoil, without sacrificing the drag.
Next, a set of Design of Experiment studies and a multi-variable optimization were carried
out, in which the geometrical variables were defined in reasonable ranges to seek the best design
point. The objective function chosen was the aerodynamic efficiency of the airfoil, or lift-overdrag ratio. In future efforts, more complex objective functions can be defined after considering
variables such as the additional weight associated with the required duct work, and the cost of
installation and maintenance. These multi-variable parametric studies were only conducted at
Re=1.6E6 and 3.2E6, and only two AoAs (6 and 8 deg), which are located at the peak of the L/D
vs. AoA curve for NACA 4412 airfoil. The optimum values of different design variables were
determined. Now that the optimization framework is implemented, one can repeat the procedure
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for other combinations of Reynolds numbers and AoAs. Different optimization algorithms can
also be investigated to find the sensitivity of the results to the method chosen. Moreover, the
same procedure can be applied for the analysis of slots drilled in airfoils with different profiles.
As the final part of the dissertation, the leading-edge slot was drilled through a laboratoryscale horizontal-axis wind turbine blade (with span length of around 31 cm) made entirely with
NACA 4412 airfoil profile. For structural reasons, four equal-length slots (as opposed to one
long slot) each with the approximate length of 4.5 cm were drilled along the span, and the slotted
blade was then analyzed. For the operating condition considered, around 8-12% improvement in
the mechanical torque and power generation (compared to the baseline solid blade) was
achieved. The calculated powers were also compared with the electrical power generated for a
very similar 3D-printed wind turbine that was previously tested at UWM wind tunnel laboratory.
A good agreement between the two data sets was observed, which again confirmed the validity
of the CFD model and the results. Investigation of blades with different slot configurations and
placement, or operation of the wind turbines with different air velocity and rotation speeds could
be subject of future studies.
To summarize, the main conclusions and novel findings of the present dissertation are listed as
follows:
(1) The turbulence model of full implicit ASM can properly replicate the near-wall Reynolds
stress predictions made by the more computationally intensive model of RSM. This point is
exemplified for the problems of flow over a flat plate, and flow around a rotating HAWT.
(2) The method of DES is combined and augmented with the anisotropic RANS-based ASM
model for the first time, and this new simulation method is applied to the problem of
turbulent flow over a cambered airfoil at two distinct angles of attack. It is shown that the

122

proposed model can slightly improve the surface pressure coefficient and the near-trailingedge velocity distributions on most of the locations investigated.
(3) Application of slots near the leading edge of a NACA 4412 airfoil and properly varying the
design parameters results in a consistent improvement in lift and lift-over-ratio under a wide
range of angle of attack. For one of the best cases studied during the single-variable
parametric study, a CL improvement up to15% is observed for AoAs between 0~16°, while
the drag penalty is insignificant. There are other design configurations with maximum lift
improvement of up to 60%, however those designs are accompanied with as much as 100%
increase in drag. Note the optimum h/c is found to be around 5.5%-6% for several cases. The
DoE and optimization studies for operation with AoA=6° and Re=1.6E6 reveal that an
optimal slot (for maximization of LoD) needs to have its width, length, and exit angle to be
set as small as practically possible, while the vertical position and the inlet angle have midrange optimum values. Very similar behaviors are observed for operation under AoA=8° and
Re=1.6E6, and AoA=6° and Re=3.2E6, and that shows the scalability of the results
presented. The decision to make about the optimum design parameters highly depends on the
objective function.
(4) Application of four leading-edge slots along the blades of a HAWT reveals that an
improvement in torque and mechanical power generation of 8-12% can be achieved for two
different operating conditions.
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